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0 Semiconductor electron emission device. 



0 On a liigh density p-type semiconductor sub- 
strate, a high density p-type semiconductor region 
and a p-type semiconductor region 104 for sup- 
plying carriers to the high density p-type semicon- 
ductor region are disposed in contact, further, a p- 
type semiconductor region and a low density p-type 
semiconductor region are disposed outwardly around 
the high density p-type semiconductor region and 
^ the p-type semiconductor region, and on a surface 
^ of device, a Schottky electrode which is a metallic 
^ film for forming the Schottky barrier junction with the 
O high density p-type semiconductor region is dis- 
tf> posed. The density relation between carrier densities 
^ of the semiconductor regions is such that high den- 
O sity p-type semiconductor region > p-type semicon- 
W ductor region > p-type semiconductor region > low 
Q density p-type semiconductor region. 
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BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a senniconduc- 
tor electron emission device having a Schottky 
barrier junction on the surface of a p-type semicon- 
ductor which is a substrate, and a high density p- 
type semiconductor region bringing about the ava- 
lanche amplification within the p-type semiconduc- 
tor under an electrode forming the Schottky barrier 
junction. 

Related Background Art 

Conventional semiconductor electron emission 
devices using the avalanche breakdown mecha- 
nism have been known as described in United 
States Patent No. 4,259,678 and United States Pat- 
ent No. 4,303,930. Such a semiconductor electron 
emission device Is one In which an electron emis- 
sion portion Is fabricated by forming a p-type semi- 
conductor layer and an n-type semiconductor layer 
on a semiconductor substrate, and depositing 
cesium on the surface of the n-type semiconductor 
layer to have a decreased work function of the 
surface. And a reverse bias voltage Is applied 
across a pn junction formed of the p-type semicon- 
ductor layer and the n-type semiconductor layer to 
cause the avalanche breakdown to make hot elec- 
trons, and emit the electrons from the electron 
emission portion In a direction perpendicular to the 
surface of the semiconductor substrate. 

Besides, there is a semiconductor electron 
emission device In which a Schottky barrier junc- 
tion is formed of the p-type semiconductor and a 
metal material, or the p-type semiconductor and a 
metallic compound, and a reverse bias voltage is 
applied across the Schottky barrier junction to 
cause the avalanche breakdown to make hot elec- 
trons and emit the electrons from the electron 
emission portion in a direction perpendicular to the 
surface of the semiconductor substrate, as de- 
scribed in Japanese Laid-Open Patent Application 
No. 1-220328. 

With the conventional semiconductor electron 
device as above described, when the reverse bias 
voltage is applied across the pn junction or Schot- 
tky barrier junction, the avalanche breakdown is 
caused in the high density p-type semiconductor 
region where the depletion layer width is formed 
thinnest, so that electrons having high energy pro- 
duced therein are emitted from a solid surface to 
the outside. However, the shape of the depletion 
layer around the pn junction or Schottky barrier 
junction has a radius of curvature determined by a 
carrier density of semiconductor and an applied 
voltage, and the electric field is more concentrated 



on the depletion layer than in other regions. Ac- 
cordingly, the breakdown or leakage of the current 
around the depletion layer may occur at a lower 
applied voltage than if the avalanche breakdown 

5 occurs In the high density p-type semiconductor 
region intrinsically required, so that the device 
characteristics may be deteriorated. 

Also, with the electron emission device having 
the pn junction or Schottky barrier junction, it is 

10 possible to increase the radius of curvature around 
the depletion layer with a decreased carrier density 
of the p-type semiconductor around the high den- 
sity p-type semiconductor region where the ava- 
lanche breakdown occurs, thereby preventing the 

75 breakdown at the lower voltage, but the electrical 
resistance between an electrode for supplying car- 
riers and the high density p-type semiconductor 
region where the avalanche breakdown occurs may 
increase, causing the operating voltage of device to 

20 rise, and a problem with the deterioration of device 
may occur due to the Joule heating. 

Thus, with the conventional device, as it Is 
inconvenient to decease the carrier density of the 
p-type semiconductor region around the high den- 

25 sity p-type semiconductor region to the extreme, a 
guard ring structure of high density n-type semi- 
conductor was formed, concentrically with the high 
density p-type semiconductor region, within the p- 
type semiconductor region. Thereby, the depletion 

30 layer was formed continuously from the high den- 
sity p-type semiconductor region outward to the p- 
type semiconductor region and the high density n- 
type semiconductor layer so as to have a large 
radius of curvature in the most outside region, 

35 thereby preventing the breakdown or the leakage of 
current around the depletion layer. 

With the device structure of conventional semi- 
conductor electron emission device as above de- 
scribed, a manufacturing process such as the ion 

40 injection or the thermal diffusion for forming the 
ring-like n-type semiconductor region (guard ring 
structure) at a high density, or a process for for- 
ming the ohmic junction electrode to apply the 
voltage to the guard ring of the high density n-type 

45 semiconductor is necessary, in which there is a 
problem that the manufacturing process is com- 
plex. 

Also, a wide area for forming the guard ring or 
its ohmic junction electrode Is necessary, and it Is 

50 difficult to provide a smaller device. 

Further, with the conventional semiconductor 
electron emission device, it Is required to supply 
electrons sufficiently to the high density p-type 
semiconductor region defining the avalanche am- 

55 pliflcation, when emitting electrons produced by the 
avalanche amplification mechanism. However, with 
the conventional electron emission device, the high 
density p-type semiconductor region Is surrounded 
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by the p-type semiconductor region having a high 
resistivity, and thus spaced away from the semi- 
conductor or metallic electrode having a low re- 
sistivity for supplying electrons. Accordingly, there 
is a high resistance between the low resistivity 
region for supplying electrons and the high density 
p-type semiconductor region, so that it was difficult 
to raise the operating speed of the device which is 
determined by the product RC of its resistance R 
and a capacitance C in the Schottky barrier junc- 
tion immediately before the avalanche break-down 
occurs or in the depletion layer width of the pn 
junction. 

Also, in emitting electrons, the current is con- 
centrated in the high density p-type semiconductor 
region and the neighborhood thereof, so that the 
Joule heat is generated in the region having a high 
resistance, and it was difficult to prevent the break- 
age or deterioration of device due to the tempera- 
ture elevation, or the fluctuation in the emission 
amount of electrons. 

SUMMARY OF THE INVENTION 

The present invention was achieved in the light 
of the problems associated with the conventional 
arts as above described, and aimed to provide a 
smaller semiconductor electron emission device in 
which the device structure and the manufacturing 
process can be simplified, and a higher speed of 
device in the operation can be attained. 

Another object of the present invention is to 
resolve the above-mentioned conventional prob- 
lems and provide a semiconductor electron emis- 
sion device having a high operating speed and with 
reduced heat generation due to the Joule heating 
within the device. 

There is provided a semiconductor electron 
emission device, according to the present inven- 
tion, having an electron emission portion comprised 
of a Schottky barrier junction between a metallic 
material or metallic compound material and a semi- 
conductor for emitting electrons from a solid sur- 
face, firstly characterized in that the electron emis- 
sion portion comprising: 

a first p-type semiconductor region bringing 
about the avalanche breakdown by forming the 
Schottky barrier junction; 

a second p-type semiconductor region adja- 
cent to the first p-type semiconductor region for 
supplying carriers to the first p-type semiconductor 
region; and 

an n-type semiconductor region, located ar- 
ound the first p-type semiconductor region, for 
forming the Schottky barrier junction with the metal 
material or metallic compound material as well as 
forming a pn junction with the first p-type semicon- 
ductor region; 



wherein the density relation between carrier 
densities in the first and second p-type semicon- 
ductor regions and the n-type semiconductor re- 
gion, (first p-type semiconductor region) > (second 
5 p-type semiconductor region) > (n-type semicon- 
ductor region) or (second p-type semiconductor 
region) ^ (first p-type semiconductor region) > (n- 
type semiconductor region). 

There is provided a semiconductor electron 
10 emission device, according to the present inven- 
tion, having an electron emission portion comprised 
of a pn junction between an n-type semiconductor 
and a p-type semiconductor for emitting electrons 
from a solid surface, secondly characterized in that 
76 the electron emission portion comprising: 

a first n-type semiconductor region located on 
the solid surface, and a first p-type semiconductor 
region bringing about the avalanche breakdown by 
forming the pn Junction with the first n-type semi- 
20 conductor region; 

a second p-type semiconductor region adja- 
cent to the first p-type semiconductor region for 
supplying carriers to the first p-type semiconductor 
region; and 

25 a second n-type semiconductor region, located 

around the first p-type semiconductor region, for 
forming the pn junction with the first p-type semi- 
conductor region; 

wherein the density relation between carrier 

30 densities in the first and second p-type semicon- 
ductor regions and the first and second n-type 
semiconductor regions, 

(first n-type semiconductor region) > (first p-type 
semiconductor region) > (second p-type semicon- 

35 ductor region) > (second n-type semiconductor re- 
gion) or (first n-type semiconductor region) > 
(second p-type semiconductor region) ^ (first p- 
type semiconductor region) > (second n-type. semi- 
conductor region). 

40 There is provided a semiconductor electron 

emission device, according to the present inven- 
tion, having an electron emission portion comprised 
of a Schottky barrier junction between a metal 
material or metallic compound material and a semi- 

45 conductor for emitting electrons from a solid sur- 
face, thirdly characterized in that the electron emis- 
sion portion comprising: 

a first p-type semiconductor region bringing 
about the avalanche breakdown by forming the 

50 Schottky barrier junction; 

a second p-type semiconductor region located 
around the first p-type semiconductor region; 

a third p-type semiconductor region located 
around the second p-type semiconductor region; 

55 and 

a fourth p-type semiconductor region for sup- 
plying carriers to the first p-type semiconductor 
region; 
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wherein the density relation between carrier 
densities in the first to fourth p-type senni conductor 
regions. 

(first p-type semiconductor region) > (fourth p-type 
senniconductor region) > (second p-type sennicon- 
ductor region) > (third p-type senniconductor re- 
gion) or (fourth p-type semiconductor region) ^ - 
(first p-type semiconductor region) > (second p- 
type semiconductor region) > (third p-type semi- 
conductor region). 

There is provided a semiconductor electron 
emission device, according to the present inven- 
tion, having an electron emission portion comprised 
of a pn junction between an n-type semiconductor 
and a p-type semiconductor for emitting electrons 
from a solid surface, fourthly characterized in that 
the electron emission portion comprising: 

an n-type semiconductor region located on the 
solid surface, and a first p-type semiconductor re- 
gion bringing about the avalanche breakdown by 
forming the pn junction with the n-type semicon- 
ductor region; 

a second p-type semiconductor region located 
around the first p-type semiconductor region; 

a third p-type semiconductor region located 
around the second p-type semiconductor region; 
and 

a fourth p-type semiconductor region for sup- 
plying carriers to the first p-type semiconductor 
region; 

wherein the density relation between carrier 
densities in the first to fourth p-type semiconductor 
regions and the n-type semiconductor region, 
(n-type semiconductor region) > (first p-type semi- 
conductor region) > (fourth p-type semiconductor 
region) > (second p-type semiconductor region) > 
(third p-type semiconductor region) or (n-type 
semiconductor region) > (fourth p-type semicon- 
ductor region) ^ (first p-type semiconductor region) 
> (second p-type semiconductor regions) > (third 
p-type semiconductor region). 

There is provided a semiconductor electron 
emission device, according to the present inven- 
tion, having a Schottky barrier junction on the sur- 
face of a p-type semiconductor which is a sub- 
strate, and a high density p-type semiconductor 
region bringing about the avalanche amplification 
within the p-type semiconductor under an electrode 
forming the Schottky barrier junction, fifthly char- 
acterized by comprising an electrode for applying 
the voltage to the Schottky barrier junction elec- 
trode on a surface of the high density p-type semi- 
conductor region different from the surface on 
which the Schottky barrier junction is formed. 

There is provided a semiconductor electron 
emission device, according to the present Inven- 
tion, having a Schottky barrier junction on the sur- 
face of a p-type semiconductor which Is a sub- 



strate, and a high density p-type semiconductor 
region bringing about the avalanche amplification 
within the p-type semiconductor under an electrode 
forming the Schottky barrier junction, sixthly char- 
5 acterized by comprising a region located in the 
vicinity of the high density p-type semiconductor 
region, not In contact with the electrode for forming 
the Schottky barrier junction, and having a smaller 
resistivity than the p-type semiconductor. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a cross-sectional view showing a first 
example of a semiconductor electron emission de- 
76 vice according to the present invention. 

Fig. 2 is a view showing one example of an 
energy band for the semiconductor electron emis- 
sion device of Schottky barrier junction. 

Fig. 3 is a diagram showing one example of 
20 the current-voltage characteristics for the semicon- 
ductor electron emission device according to the 
present invention. 

Fig. 4 is a diagram showing another example of 
the current-voltage characteristics for the semicon- 
25 ductor electron emission device according to the 
present invention. 

Fig. 5 Is a cross-sectional view showing a sec- 
ond example of a semiconductor electron emission 
device according to the present invention. 
30 Figs. 6A and 6B are cross-sectional views 

showing a third example of a semiconductor elec- 
tron emission device according to the present in- 
vention. 

Fig. 7 is a cross-sectional view showing a 
35 fourth example of a semiconductor electron emis- 
sion device according to the present Invention. 

Fig. 8 is a cross-sectional view showing a fifth 
example of a semiconductor electron emission de- 
vice according to the present invention. 
40 Figs. 9A and 98 are cross-sectional views 

showing a sixth example of a semiconductor elec- 
tron emission deivce according to the present in- 
vention. 

Fig. 10 is a plan view showing a semiconductor 
45 electron emission device in the example of the 
present invention. 

Fig. 11 is a cross-sectional view taken along 
the line A-A' of Fig. 10. 

Fig. 12 Is a band diagram for explaining the 
50 operation principle of a device according to the 
present Invention. 

Fig. 13 is a plan view showing a part of mul- 
tiple electron emission having semiconductor elec- 
tron emission devices arranged like the matrix In 
65 the example of the present Invention. 

Fig. 14 Is a cross-sectional view taken along 
the line A-A' of Fig. 13. 

Figs. 15A and 15B schematically show a seml- 
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conductor electron emission device in the example 
of the present invention, Fig. 15A is a plan view, 
and Fig. 15B is a cross-sectional view taken along 
the line A-A' of Fig. 15A. 

Figs. 16A and 16B schematically show a semi- 
conductor electron emission device using the pn 
junction of GaAs semiconductor in the example of 
the present invention, Fig. 16A is a plan view, and 
Fig. 16B is a cross-sectional view taken along the 
line A-A' of Fig. 16A. 

Figs. 17A and 178 show the state in which 
multiple semi-conductor electron emission devices 
in the example of the present invention are ar- 
ranged, Fig. 17A Is a plan view, and Fig. 178 is a 
cross-sectional view taken along the line A-A' of 
Fig. 17A. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In a semiconductor electron emission device of 
the present invention, a second p-type semicon- 
ductor region having a lower carrier density and a 
third p-type semiconductor region having a further 
lower carrier density are formed around a first p- 
type semiconductor region of high density bringing 
about the avalanche breakdown. Thereby, it is pos- 
sible to have a depletion layer the shape of which 
is thinnest in the first p-type semiconductor region 
so that the electric field is likely to be concentrated 
thereon. Accordingly, it Is possible to bring about 
the avalanche breakdown efficiently only in the first 
p-type semiconductor region. The series resistance 
value of semiconductor electron emission devices 
can be decreased by using the fourth p-type semi- 
conductor region having a higher carrier density 
than the second p-type semiconductor region as 
the passage for the supply of carriers to the first p- 
type semiconductor region. 

Next, the examples of the present invention will 
be described with reference to the drawings. 

(Example 1) 

Fig. 1 is a cross-sectional view showing a 
semiconductor electron emission device of Schot- 
tky barrier junction type In the first example of the 
present invention. 

The semiconductor electron emission device in 
this example is a Schottky barrier junction device 
in which a cylindrical high density p-type semicon- 
ductor region 105 which Is a first p-type semicon- 
ductor region and a p-type semiconductor region 
104, which Is a fourth p-type semiconductor region, 
for supplying carriers to the high density p-type 
semiconductor region 105 are disposed In contact 
with each other on a substantial central portion of a 
high density p-type semiconductor substrate 101, a 



p-type semiconductor region 103 which is a sec- 
ond p-type semiconductor region and a low density 
p-type semiconductor region 102 which is a third 
p-type semiconductor region are disposed concen- 

5 trically outwardly around the high density p-type 
semiconductor region 105 and the p-type semicon- 
ductor region 104, and a Schottky electrode 108 
which is a metallic film for forming the Schottky 
barrier junction with the high density p-type semi- 

10 conductor region 105 is disposed on the surface of 
the device. 

Further, the semiconductor electron emission 
device in this example is provided with an ohmic 
junction electrode 106 to the high density p-type 
75 semiconductor substrate 101 and an electrode wir- 
ing 109 to the Schottky electrode 108 for applying 
a reverse voltage to the Schottky barrier junction, 
the reverse voltage being applied from a power 
source 110. 

20 Note that the electrode wiring 109 is in contact 
with the Schottky electrode 108 on an insulating 
film 107 formed on the low density p-type semi- 
conductor region 102 in order to prevent the short 
circuit with each p-type semiconductor region as 

25 previously described. In the figure, 111 shows the 
shape of a depletion layer end In a state where the 
reverse voltage is applied, and 112 shows a region 
where the avalanche breakdown occurs with the 
application of the reverse voltage. 

30 Here, the electron emission process in a semi- 

conductor electron emission device using the 
Schottky barrier junction will be described with 
reference to Fig. 2. 

By the application of a reverse bias voltage to 

35 a Schottky diode forming the Schottky barrier junc- 
tion with the p-type semiconductor, the bottom Ec 
of a conduction band for the p-type semiconductor 
is at a higher energy level than the vacuum level 
EvAc for the metal electrode forming the Schottky 

40 barrier, so that the avalanche breakdown is brought 
about. An electron produced by the avalanche 
breakdown obtains a higher energy than the lattice 
temperature with the electric field within a depletion 
layer produced at an interface between semicon- 

45 ductor and metal electrode, and Injected from the 
p-type semiconductor into the metal electrode for- 
ming the Schottky barrier junction. The electron 
having a greater energy than the work function on 
the surface of metal electrode forming the Schottky 

50 barrier junction is discharged into the vacuum. Ac- 
cordingly, the treatment for the surface of metal 
electrode to have a lower work function leads to an 
increase In the emission amount of electrons, as 
previously described. 

55 A manufacturing process of the semiconductor 
electron emission device as shown in Rg. 1 will be 
described specifically by way of an example. 
(1) A low density p-type GaAs semiconductor 
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layer having a beryllium (Be) density of 
1x10^^cm"3 or less was grown, 0.6 urn thick, on 
the high density p-type semiconductor substrate 
101 (GaAs) doped with Zn and having a carrier 
density of SxlO^^cm"^ , with the molecular s 
beam epitaxy method (MBE). This low density 
p-type GaAs semiconductor layer becomes the 
low density p-type semiconductor region 102 
later. 

(2) Be ions accelerated to 160keV and 40keV io 
were injected in succession into the region cor- 
responding to the p-type semiconductor region 

103, with the focused ion beam (FIB) injection 
method, so that the Be density is 2xl0^^cm"3 
substantially uniformly from the surface of the 75 
low density p-type GaAs semiconductor layer to 
the high density p-type semiconductor substrate 
101. Also, Be ions were Injected into the regions 
corresponding to the p-type semiconductor re- 
gion 104 and the high density p-type semicon- 20 
ductor region 105, with the FIB injection method, 
so that the Be densities are ixlO'^cm"^ and 
2x10^^cm"3, respectively. 

(3) Si02 was deposited as the cap material, 
about 0.1 urn thick, on the surface of the low 25 
density p-type GaAs semiconductor layer having 

Be ions injected as previously described, with 
the sputtering method, and then the injection 
portion was activated with the heat treatment at 
850 'C for 10 seconds. 30 

With the Injection process (2) and single 
heat treatment process (3), as above described, 
it is possible to form the high density p-type 
semiconductor region 105, the p-type semicon- 
ductor regions 103, 104, and the low density p- 35 
type semiconductor region 102 which are the 
first to fourth p-type semiconductor regions, in 
which the manufacturing process can be simpli- 
fied as compared with a conventional device 
having the high density n-type guard ring and 40 
the ohmic junction electrode. 

The density relation between carrier den- 
sities in the high density p-type semiconductor 
region 105, the p-type semiconductor regions 
103, 104, and the low density p-type semicon- 45 
ductor region 102 is such that high density p- 
type semiconductor region 105 (first p-type 
semiconductor region) > p-type semiconductor 
region 104 (fourth p-type semiconductor region) 
> p-type semiconductor region 103 (second p- 50 
type semiconductor region) > low density p-type 
semiconductor region 102 (third p-type semi- 
conductor region). 

(4) After the Si02 film for the heat treatment as 
previously described was removed, 0.5 urn thick 56 
Si02 film was formed as the insulating film 107. 
Also, gold (Au)/chromium (Cr) was vacuum 
evaporated onto a back surface of the high 
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density p-type semiconductor substrate 101 to 
form an ohmic junction electrode 106 with the 
heat treatment at 350' C for 5 minutes. 

(5) After an opening for the electrode wiring 107 
was formed to form the Schottky barrier junction 
with the normal photolithography, a 8nm thick 
Schottky electrode 108 was formed within the 
opening, with the electron beam evaporation and 
the normal photolithography, by selecting tung- 
sten (W) as the material for forming the Schot- 
tky barrier junction to the p-type semiconductor 
region 103 and the high density p-type semicon- 
ductor region 105 composed of p-type GaAs 
semiconductor. 

(6) An electrode wiring 109 was formed, with the 
normal photolithography, by vacuum evaporating 
aluminum on a junction portion between the 
insulating film 107 and the Schottky electrode 
108. 

The semiconductor electron emission device 
thus fabricated was installed within a vacuum 
chamber within which the degree of vacuum was 
retained at about lxlO~^Torr, and a voltage of TV 
was applied between the ohmic junction electrode 
106 and the electrode wiring 109 from a power 
source 110, so that the electron emisson of about 
15pA was observed from the surface of the Schot- 
tky electrode 108 above the high density p-type 
semiconductor region 105. If the applied voltage 
(device voltage) was sequentially increased up to 
10V, the electron emission amount (emission cur- 
rent) was sequentially increased up to about 
lOOpA, as shown in Fig. 3. It is conceived that a 
depletion layer ill spreads about 0.04 um beyond 
a Schottky barrier interface with the Schottky elec- 
trode 108 in the high density p-type semiconductor 
region 105, when this device voltage is applied. 
The electric field is most concentrated on an ava- 
lanche region 112 of the high density p-type semi- 
conductor region 105, in which region the ava- 
lanche breakdown occurs most efficiently. 

Also, the electric characteristics are shown in 
Fig. 4, in which a semiconductor electron emission 
device, which was fabricated by changing only the 
Be density of the p-type semiconductor region 104 
which is a fourth p-type semiconductor region for 
supplying carriers to the high density p-type semi- 
conductor region 105 which is a first p-type semi- 
conductor region to 3xl0^^cm~^ in the fabrication 
conditions as above described, was installed within 
the same vacuum chamber. If a device voltage of 
5V was applied to the semiconductor electron 
emission device from the power source 110, the 
electron emission (emission current) of about 20pA 
was observed from the surface of the Schottky 
electrode 108 above the high density p-type semi- 
conductor region 105. If the device voltage was 
sequentially increased up to 7V, the emission cur- 
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rent was also sequentially increased up to about 
lOOpA. 

In this exannple, by providing another electrode 
via the insulating filnn on the electrode wiring 109, 
and setting a potential between the electrode and 
the electrode wiring 109, it is possible to regulate 
the flying direction and the kinetic energy of elec- 
trons ennitted from the electron enrtission portion. 

In this way, it is possible to define the 
current/voltage characteristics of the semiconductor 
emission device by changing the carrier density In 
the p-type semiconductor region 104. Also, it is 
possible to decrease the series resistance of de- 
vice and make the operating speed faster by de- 
creasing the resistance of the p-type semiconduc- 
tor region 104. 

In the above examples, GaAs was used as the 
semiconductor, but other semiconductor materials 
such as Si, Ge, GaP, AlAs, GaAsP. AIGaAs, SIC, 
BP, AIN, or diamond are applicable in principle, 
and particularly, the material of Indirect transition 
type and having a wide band gap Is preferable. 
The semi-insulating region can be fabricated by the 
use of various endogenic defects or residual impu- 
rities within the crystal, and purposely added com- 
pensating impurities. When this semi-insulating re- 
gion Is formed, undoped crystal not containing the 
dopant is also applicable because of its semi- 
insulating property. 

The material for the ohmic junction electrode 
106 requires to form the Schottky junction with the 
p-type semiconductor, and may be, for example, 
Al, Au or LaBe, in addition to tungsten (W), as 
commonly well known. However, since the electron 
emission efficiency increases with smaller work 
function of the electrode surface, as previously 
described, the electron emission efficiency can be 
increased by coating a material of low work func- 
tion such as Cs on the surface, when the work 
function of the material is large. 

(Example 2) 

Fig. 5 is a cross-sectional view showing a 
semiconductor electron emission device of pn junc- 
tion type in the second example of the present 
invention. 

The semiconductor electron emission device In 
this example is a pn junction device having an 
electron emission portion In which a cylindrical 
high density p-type semiconductor region 505 
which is a first p-type semiconductor region and a 
p-type semiconductor region 504, which is a fourth 
p-type semiconductor region, for supplying carriers 
to the high density p-type semiconductor region 
505 are disposed in contact with each other on a 
substantial central portion of a high density p-type 
semiconductor substrate 501, and a p-type semi- 



conductor region 503 which is a second p-type 
semiconductor region and a low density p-type 
semiconductor region 502 which is a third p-type 
semiconductor region are disposed concentrically 
5 outwardly around the high density p-type semicon- 
ductor region 505 and the p-type semiconductor 
region 504, and a high density n-type semiconduc- 
tor region 506 which is an n-type semiconductor 
region for forming the pn junction with the high 
10 density p-type semiconductor region 505 Is dis- 
posed thereon. 

Further, the semiconductor electron emission 
device In this example is provided with an ohmic 
junction electrode 507 to the high density p-type 
75 semiconductor substrate 501, an ohmic junction 
electrode 509 to the high density n-type semicon- 
ductor region 506, and a low work function coating 
510 formed on the high density n-type semicon- 
ductor region 506, for applying a reverse voltage to 
20 the pn junction, the reverse voltage being applied 
from a power source 51 1 . 

Note that the ohmic junction electrode 509 is in 
contact with the high density n-type semiconductor 
region 506 via an insulating film 508 formed along 
25 an edge portion of the surface on the low density 
p-type semiconductor region 502 in order to pre- 
vent the short circuit with the low density p-type 
semiconductor region 502. In the figure, 512 shows 
the shape of a depletion layer end In a state where 
30 the reverse voltage is applied, and 513 shows a 
region where the avalanche breakdown occurs with 
the application of the reverse voltage. 

A manufacturing process of the semiconductor 
electron emission device of pn junction type will be 
35 described specifically by way of an example. 

(1) A low density p-type GaAs semiconductor 
layer having a Si density of 5 x 10^^ cm"^ or 
less was grown, 0.6 um thick, on the high den- 
sity p-type semiconductor substrate 501 (GaAs) 
40 doped with Zn and having a carrier density of 5 
x 10'^ cm~3, with the MBE method. This low 
density p-type GaAs semiconductor layer be- 
comes the low density p-type semiconductor 
region 502 later. 
45 (2) Be ions accelerated to 160keV and 40keV 
were Injected in succession into the region cor- 
responding to the p-type semiconductor region 
503, with the FIB method, so that the Be density 
is 2x10'^cm~^ substantially uniformly from the 
50 surface of the low density p-type GaAs semi- 
conductor layer to the high density p-type semi- 
conductor substrate 501. Also, Be ions were 
injected into the regions corresponding to the p- 
type semiconductor region 104 and the high 
55 density p-type semiconductor region 105, with 
the FIB Injection method, so that the Be den- 
sities are IxlO^^cm"^ and 2xl0^^cm~3, respec- 
tively. 
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(3) Ions were injected into the region corre- 
sponding to the high density n-type semicon- 
ductor region 506, so that the Si density is 
about 1x10'^cm~3. If this high density n-type 
semiconductor region 506 is formed thick, elec- s 
tron produced with the avalanche breakdown are 
scattered to lose the energy, causing the elec- 
tron emission efficiency to decrease. Thus, it is 
desirable to make the ion injection at a low 
acceleration voltage, or form the surface with the io 
etching to have a thickness of 20nm or less. The 
electron emission portion consisting of the pn 
junction with the high density p-type semicon- 
ductor region can be formed by forming this 

high density n-type semiconductor region 506. 75 

(4) SiOz was deposited as the cap material, 
about 0.1 urn thick, on the surface of the low 
density p-type GaAs semiconductor layer having 
ions injected as previously described, with the 
sputtering method, and then the injection portion 20 
was activated with the heat treatment at 850 * C 

for 10 seconds. 

With the injection processes (2) and (3) and 
single heat treatment process (4), as above de- 
scribed, it is possible to form the high density p- 25 
type semiconductor region 505, the p-type 
semiconductor regions 503, 504, and the low 
density p-type semiconductor region 502 which 
are the first to fourth p-type semiconductor re- 
gions, and the high dencity n-type semiconduc- 30 
tor region 506 which is the n-type semiconduc- 
tor region, in which the manufacturing process 
can be simplified as compared with a conven- 
tional device having the high density n-type 
guard ring. 35 

The density relation between carrier den- 
sities in the high density p-type semiconductor 
region 505, the p-type semiconductor regions 
503, 504, and the low density p-type semicon- 
ductor region 502 is such that high density n- 40 
type semiconductor region 506 (n-type semicon- 
ductor region) > high density p-type semicon- 
ductor region 505 (first p-type semiconductor 
region) > p-type semiconductor region 504 
(fourth p-type semiconductor region) > p-type 45 
semiconductor region 503 (second p-type semi- 
conductor region) > low density p-type semicon- 
ductor region 502 (third p-type semiconductor 
region). 

(5) After the SiOz film for the heat treatment as 50 
previously described was removed, 0.5 um thick 
Si02 film was formed as the insulating film 508, 

for which an opening was formed in a range 
corresponding to the high density n-type semi- 
conductor region 506, with the normal lithog- 65 
raphy, so as to expose the high density n-type 
semiconductor region 506. And Au/Cr as the 
ohmic junction electrode 507 to the high density 



p-type semiconductor substrate 501, and Au/Ge 
as the ohmic junction electrode 509 to the high 
density n-type semiconductor region 506 were 
vacuum evaporated, respectively, and then the 
alloying heat treatment was performed at 350 'C 
for five minutes. 

(6) Cesium (Cs) which was a material of low 
work function was vacuum evaporated substan- 
tially in a monatomic layer on an exposed por- 
tion of the high density n-type semiconductor 
region 506, in the ultra-high vacuum to obtain 
the low work function coating 510. 
The semiconductor electron emission device 
thus fabricated was installed within a vacuum 
chamber which was retained at about lx10~'^Torr 
or less, and a device voltage of 6V was applied 
between the ohmic junction electrodes 507 and 
509 from the power source 511, so that the elec- 
tron emission of about 0.1 uA was observed from 
the surface of the low work function coating 510 
(Cs) above the high density p-type semiconductor 
region 505. In this way, with this example, it is 
possible to form the semiconductor electron emis- 
sion device of pn junction type having the same 
electron emission characteristics as a conventional 
semiconductor electron emission device, with the 
simplified manufacturing process. 

Also, with this example, like the previous first 
example, by setting a potential between the ohmic 
junction electrode 509 and another electrode, it is 
possible to regulate the flying direction and the 
kinetic energy of electrons. 

(Example 3) 

Fig. 6 is a view showing a multi semiconductor 
electron emission device of Schottky barrier type 
provided with a plurality of electron emission por- 
tions, in a third example of the present invention, in 
which Fig. 6A is a plan view thereof, and Fig. 6B is 
a cross-sectional view taken along the line A-A' of 
Fig. 6A. 

The multi semiconductor electron emission de- 
vice of this example is provided with four electron 
emission portions 600A, 600B, 600C and 600D, like 
a matrix, on a high density p-type semiconductor 
region 602 formed on a semiconductor substrate 
601. 

Since the electron emission portions 600A, 
600B, 600C and 600D all have the same constitu- 
tion, the electron emission portion 600A will be 
exemplified. 

The electron emission portion 600A has the 
same constitution as in the previous first example, 
comprising a high density p-type semiconductor 
region 606A which is a first p-type semiconductor 
region, a p-type semiconductor region 605A which 
is a fourth p-type semiconductor region disposed in 



8 



15 EP 0 504 



contact with the high density p-type senniconductor 
region 606A tor supplying carriers to the high den- 
sity p-type semiconductor region 606A, a p-type 
semiconductor region 604A which is a second p- 
type semiconductor region located around the high s 
density p-type semiconductor region 606A and the 
p-type semiconductor region 605A, a low density 
p-type semiconductor region 603 which is a third 
p-type semiconductor region located around the p- 
type semiconductor region 604A, and a Schottky io 
electrode 611 A for forming the Schottky barrier 
junction with the high density p-type semiconductor 
region 606A. 

Further, it is provided with an ohmic junction 
electrode 609 to the high density p-type semicon- 75 
ductor region 602 and an electrode wiring 61 OA to 
the Schottky electrode 611 A for applying a reverse 
voltage to the Schottky barrier junction. The elec- 
trode wiring 61 OA is in contact with the Schottky 
electrode 611 A on an Insulating film 608 formed on 20 
the low density p-type semiconductor region 603 in 
order to prevent the short circuit with each p-type 
semiconductor region as previously described. 

The ohmic junction electrode 609 is connected 
via the high density p-type semiconductor region 25 
607 to the high density p-type semiconductor re- 
gion 602, and in this example, provided at two 
positions as shown in Fig. 6A. This ohmic junction 
electrode 609 Is a common electrode to the four 
electron emission portions 600A, 600B, 600C and 30 
600D. 

The Schottky electrode 611 A may be con- 
nected in common with Schottky electrodes 61 IB, 
61 IC and 61 ID (61 1C, 61 ID are not shown) of 
other electron emission portions 6008, 600C and 35 
600D, In which case as the ohmic junction elec- 
trode 609 Is commonly used, the four electron 
emission portions 600A, 600B, 600C and 600D are 
controlled simultaneously for the electron emission 
operation. On the other hand, when the Schottky 40 
electrodes 611 A, 61 IB, 61 1C and 61 ID of the 
electron emission portions 600A, 600B, 600C and 
600D are independent of each other, the control for 
each electron emission portion 600A, 600B, 600C 
and 600D Is allowed. 45 

Further, on the device surface formed with the 
four electron emission portions 600A, 600B, 600C 
and 600D constituted as previously described, the 
portion except for the ohmic junction electrode 609 
is covered via a supporting member 612 made of 50 
insulating material with a gate 613 composed of 
metallic film provided on the Insulating layer 608. 
This gate 613 is formed with opening portions 
61 4A, 61 4B, 61 4C and 61 4D at positions corre- 
sponding to and upward of the electron emission 55 
portions 600A, 600B, 600C and 600D, respectively, 
whereby electrons emitted from each electron 
emission portion 600A, 600B, 600C and 600D are 
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passed through the opening portions 61 4A, 61 4B, 
61 4C and 61 4D outward. 

A manufacturing process of the multi semicon- 
ductor electron emission device will be described 
specifically by way of an example. 

(1) After a reversal pattern was formed on an 
undoped, semi-insulating semiconductor sub- 
strate (GaAs) 601 having a density of impurities 
of Ixl0^*cm"3 or less, with the normal pho- 
tolithography, the normal ion injection was made 
so that the Be density was 3x10^^cm~3. 

And with the heat treatment at 850 for 10 
seconds, the stripe-like high density p-type 
semiconductor region 602 was formed longitudi- 
nally in the X direction. 

(2) With the MBE method, GaAs was grown, 0.6 
um thick, as the low density p-type semicon- 
ductor region 603 having a Be density of 
5x10'5cm-3 

(3) Be ions were injected, with the FIB method, 
into the regions corresponding to the p-type 
semiconductor regions 604A, 604B, 604C and 
604D to have a Be density of 2x10^^cm-3, the 
regions corresponding to the p-type semicon- 
ductor regions 605A, 605B, 605C and 605D to 
have a Be density of 3x10^^cm~^ , and the 
regions corresponding to the high density p-type 
semiconductor regions 606A, 606B, 606C and 
606D to have a Be density of 2x10'3cm-3 . 
Also, Be ions were injected into the region cor- 
reponding to the high density p-type semicon- 
ductor region 607 to have a Be density of 
3x10'8cm-3 , with the FIB method. 

The MBE growth processes of (1) to (3) and 
the FIB injection process are carried out without 
exposure to the atmosphere, because respective 
apparatuses are connected through vacuum tun- 
nel. 

(4) Further, with the heat treatment at 850 ' C for 
10 seconds, the p-type semiconductor regions 
604A. 604B. 604C, 604D, 605A, 605B, 605C, 
605D and the high density p-type semiconduc- 
tor regions 606A, 606B, 606C, 606D, 607 were 
activated. 

(5) After Si02 was deposited, 0.2 iim thick, as 
the insulating film 608, on the low density p-type 
semiconductor region 603 into which the ion 
Injection was made as previously described, 
with the normal sputtering method, respective 
openings were formed, with the normal 
photolithoetching method, to expose partially the 
high density p-type semiconductor region 607, 
the p-type semiconductor regions 604A, 6048, 
604C, 604D and the high density p-type semi- 
conductor regions 606A, 606B, 606C, 606D, in 
order to form the Schottky barrier junction. 
Au/Cr was vacuum evaporated on the high den- 
sity p-type semiconductor region 607 to form 
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the ohmic junction electrode 609 with the heat 
treatment at 350' C for 5 minutes. 

(6) Aluminum (Al) as the electrode wiring 610, 
and tungsten (W) as the material for forming the 
Schottky barrier junction to the high density p- 
type semiconductor regions 606A, 606B, 606C, 
606D, were deposited with the electron beam 
source evaporation 0.5 jxm and 8nm thick, re- 
spectively, to form the electrode wirings 61 OA, 
61 OB, 61 OC. 61 OD and the Schottky electrodes 
611 A, 6118, 61 1C, 61 ID. with the normal 
photolithoetching method. 

(7) For the supporting member 612 and the gate 
613 made of insulating material, SiOz and tung- 
sten (W) were sequentially deposited with the 
vacuum evaporation method, respectively, and 
the opening portions 61 4A, 6148, 61 4C, 61 4D 
were formed with the normal photolithoetching 
method. 

With the above processes (1) to (7), the multi 
semiconductor electron emission device having the 
four electron emission portions 600A, 6008, 600C, 
600D was completed. 

In the same way, a multi semiconductor elec- 
tron emission device having the electron emission 
portions arranged like a matrix, 20 in the X direc- 
tion, and 10 in the Y direction, was fabricated, and 
installed within a vacuum chamber within which the 
degree of vacuum was at about 1x10"^Torr. If a 
reverse voltage of TV was applied to the entire area 
of the electron emission portions, the electron 
emission of about 20nA in total was observed. Also, 
by applying a reverse voltage only between ar- 
bitrary ohmic junction electrode 609 and arbitrary 
electrode wiring 610, it was observed that only 
device located at its intersection emitted electrons. 
In this way, with this example, it is possible to form 
an electron emission device having the same elec- 
tron emission characteristics as a conventional 
multi semiconductor electron emission device and 
simply fabricated. 

In the semiconductor electron emission device 
of the present invention, the n-type semiconductor 
region having a low carrier density is formed ar- 
ound a first p-type semiconductor region having a 
high density bringing about the avalanche break- 
down. Thereby, in a state where the operating 
voltage is applied, the peripheral portion of a de- 
pletion layer formed in the first p-type semiconduc- 
tor region is continuously adjacent to a depletion 
layer formed therearound with the pn junction and 
protected, so that the breakdown or the leakage of 
current will not occur around the first p-type semi- 
conductor region. Accordingly, it is possible to 
have a device structure not requiring the guard ring 
structure for the high density n-type semiconduc- 
tor, which was conventionally inconvenient from the 
aspects of a simpler manufacturing process and a 
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smaller device. 

Here, by forming the second p-type semicon- 
ductor region as the passage of supplying carriers 
to the first p-type semiconductor region, it is possi- 
5 ble to make the series resistance of device an 
appropriate value. Accordingly, the operating speed 
can be increased. 

(Example 4) 

10 

Fig. 7 is a cross-sectional view showing a 
semiconductor electron emission device of Schot- 
tky barrier junction type in the fourth example of 
the present invention. 

76 The semiconductor electron emission device in 
this example is a Schottky barrier junction device 
in which a cylindrical high density p-type semicon- 
ductor region 703 which is a first p-type semicon- 
ductor region and a p-type semiconductor region 

20 704, which is a second p-type semiconductor re- 
gion, for supplying carriers to the high density p- 
type semiconductor region 703 are disposed in 
contact with each other on a substantial central 
portion of a high density p-type semiconductor 

26 substrate 701, a low density n-type semiconductor 
region 702 which is an n-type semiconductor re- 
gion is disposed concentrically outwardly around 
the high density p-type semiconductor region 703 
and the p-type semiconductor legion 704, and a 

30 Schottky electrode 708 which is a metallic film for 
forming the Schottky barrier junction with the high 
density p-type semiconductor region 703 is dis- 
posed on the surface of the device. 

Further, the semiconductor electron emission 

36 device in this example is provided with an ohmic 
junction electrode 706 to the high density p-type 
semiconductor substrate 701 and an electrode wir- 
ing 707 to the Schottky electrode 708 for applying 
a reverse voltage to the Schottky barrier junction, 

40 the reverse voltage being applied from a power 
source 709. 

Note that the electrode wiring 707 is in contact 
with the Schottky electrode 708 on an insulating 
film 705 formed on the low density n-type semi- 
45 conductor region 702 in order to prevent the short 
circuit with each p-type semiconductor region as 
previously described. In the figure, 710 shows the 
shape of a depletion layer end in a state where the 
reverse voltage is applied. 
50 The electron emission process in the semicon- 
ductor electron emission device using the Schottky 
barrier junction of the present invention is the same 
as described in Fig. 2. 

A manufacturing process of the semiconductor 
56 electron emission device as shown in Fig. 7 will be 
described specifically by way of an example. 
(1) A low density n-type GaAs semiconductor 
layer having a silicone (Si) density of 



10 



19 EPO 



1x10^^cm~3 or less was grown, 0.6 um thick, on 
the high density p-type semiconductor substrate 
701 (GaAs) doped with zinc (2n) and having a 
carrier density of SxlO^^cm"^, with the nnolecu- 
lar beam epitaxy method (MBE). This low den- 
sity n-type GaAs semiconductor layer becomes 
the low density n-type semiconductor region 
102 later. 

(2) Be ions accelerated to 40keV were injected 
into the region corresponding to the p-type 
semiconductor region 703, with the focused ion 
beam (FIB) injection method, so that the Be 
density is 2x10'^cm~3 substantially uniformly. 

(3) Be ions accelerated to 160keV were also 
injected into the region corresponding to the p- 
type semiconductor region 704, with the FIB 
injection method, so that the high density p-type 
semiconductor substrate 701 is reached and the 
Be density is IxlO^^cm"^. 

(4) Si02 was deposited as the insulating material 
105, about 0.2 um thick, with the sputtering 
method, and then the injection portion was ac- 
tivated with the heat treatment at 850 for 10 
seconds. 

(5) Gold (Au)/chromium (Cr) was vacuum evap- 
orated onto a back surface of the high density 
p-type semiconductor substrate 701 to form an 
ohmic junction electrode 706 with the heat treat- 
ment at 350 C for 5 minutes. 

(6) Aluminum was vacuum evaporated on the 
insulating film 705, and the opening portion for 
the electrode wiring 707 and the insulating film 
705 was formed, with the normal photolithog- 
raphy method. 

(7) An 8nm thick Schottky electrode 708 was 
formed within the opening, with the electron 
beam evaporation and the normal photolithog- 
raphy, by selecting tungsten (W) as the material 
for forming the Schottky barrier junction to the 
p-type semiconductor region 704 and the high 
density p-type semiconductor region 703 made 
of p-type GaAs semiconductor. 

The semiconductor electron emission device 
thus fabricated was installed within a vacuum 
chamber within which the degree of vacuum was 
retained at about lx10~^Torr, and a voltage of 7V 
was applied between the ohmic junction electrode 
706 and the electrode wiring 709 from a power 
source 709, so that the electron emission of about 
15pA was observed from the surface of the Schot- 
tky electrode 708 above the high density p-type 
semiconductor region 703. If the applied voltage 
(device voltage) was sequentially increased up to 
10V, the electron emission amount (emission cur- 
rent) was also sequentially increased up to about 
lOOpA, as shown in Fig. 3. It is conceived that a 
depletion layer 710 spreads about 0.04 um beyond 
a Schottky barrier interface with the Schottky elec- 
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trode 708 in the high density p-type semiconductor 
region 703, when this device voltage is applied. As 
the peripheral portion is protected by thick deple- 
tion layer formed by the pn junction, the electric 

5 field is most concentrated on a portion of the high 
density p-type semiconductor region 703, in which 
region the avalanche breakdown occurs efficiently. 

Also, the electric characteristics are shown in 
Fig. 4, in which a semiconductor electron emission 

10 device, fabricated by changing only the Be density 
of the p-type semiconductor region 704 which is a 
second p-type semiconductor region for supplying 
carriers to the high density p-type semiconductor 
region 703 which is a first p-type semiconductor 

75 region to 3x10^3^^1^-3 jp the fabrication conditions 
as above described, was installed within the same 
vacuum chamber. If a device voltage of 5V was 
applied to the semiconductor electron emission de- 
vice from the power source 709, the electron emis- 

20 sion (emission current) of about 20pA was ob- 
served from the surface of the Schottky electrode 
708 above the high density p-type semiconductor 
region 703. If the device voltage was sequentially 
increased up to 7V, the emission current was also 

25 sequentially increased up to about 1 0OpA. 

In this example, by providing another electrode 
via the insulating film on the electrode wiring 707, 
and setting a potential between the electrode and 
the electrode wiring 707, it is possible to regulate 

30 the flying direction and the kinetic energy of elec- 
trons emitted from the electron emission portion. 

In this way, it is possible to define the 
current/voltage characteristics of the semiconductor 
emission device by changing the carrier density in 

35 the p-type semiconductor region 704. Also, it is 
possible to decrease the series resistance of the 
device and make the operating speed faster by 
decreasing the resistance of the p-type semicon- 
ductor region 704. 

40 In the above examples, GaAs was used as the 
semiconductor, but other semiconductor materials 
such as Si, Ge, GaP, AlAs, GaAsP, AIGaAs, SiC, 
BP, AIN, or diamond are applicable in principle, 
and particularly, the material of indirect transition 

45 type and having a wide band gap is preferable. 

The material for the ohmic junction electrode 
706 requires to form the Schottky barrier junction 
with the p-type semiconductor, and may be, for 
example, Al, Au or LaBe, in addition to tungsten 

50 (W), as commonly well known. However, since the 
electron emission efficiency increases with smaller 
work function of the electrode surface, as pre- 
viously described, the electron emission efficiency 
can be increased by coating a material of low work 

55 function such as Cs on the surface, when the work 
function of the material is large. 

(Example 5) 
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Fig. 8 is a cross-sectional view showing a 
semiconductor electron emission device of pn junc- 
tion type in the fifth example of the present inven- 
tion. 

The semiconductor electron emission device in 5 
this example is a pn junction device having an 
electron emission portion in which a cylindrical 
high density p-type semiconductor region 803 
which is a first p-type semiconductor region and a 
p-type semiconductor region 804, which is a sec- io 
ond p-type semiconductor region, for supplying 
carriers to the high density p-type semiconductor 
region 803 are disposed in contact with each other 
on a substantial central portion of a high density p- 
type semiconductor substrate 801, a low density n- 15 
type semiconductor region 802 which is a second 
n-type semiconductor region is disposed concen- 
trically outwardly around the high density p-type 
semiconductor region 803 and the p-type semicon- 
ductor region 804, and a high density n-type semi- 20 
conductor region 805 which is a first n-type semi- 
conductor region for forming the pn junction with 
the high density p-type semiconductor region 803 
is disposed thereon. 

Further, the semiconductor electron emission 25 
device in this example is provided with an ohmic 
junction electrode 807 to the high density p-type 
semiconductor substrate 801, an ohmic junction 
electrode 808 to the high density n-type semicon- 
ductor region 805, and a low work function coating 30 
809 formed on the high density n-type semicon- 
ductor region 805, for applying a reverse voltage to 
the pn junction, the reverse voltage being applied 
from a power source 810. 

Note that the ohmic junction electrode 808 is In 35 
contact with the high density n-type semiconductor 
region 805 via an insulating film 806 formed along 
an edge portion of the surface on the low density 
p-type semiconductor region 802 in order to pre- 
vent the short circuit with the low density n-type 40 
semiconductor region 802. In the figure, 811 shows 
the shape of a depletion layer end In a state where 
the reverse voltage is applied. 

A manufacturing process of the semiconductor 
electron emission device of pn junction type will be 45 
described specifically by way of an example. 

(1) A low density n-type GaAs semiconductor 
layer having a Si density of 5x10^^cm~^ or less 
was grown, 0.6 um thick, on the high density p- 
type semiconductor substrate 801 (GaAs) doped 50 
with Zn and having a carrier density of 
5x10^^cm~3 , with the MBE method. This low 
density n-type GaAs semiconductor layer be- 
comes the low density n-type semiconductor 
region 802 later. 55 

(2) Be ions accelerated to 40keV were injected 
Into the region corresponding to the high density 
p-type semiconductor region 803, with the FIB 
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injection method, so that the Be density is 
2xl0^^cm~3 substantially uniformly. 

(3) Be ions accelerated to l60keV were also 
injected into the region corresponding to the p- 
type semiconductor region 804, with the FIB 
injection method, so that the high density p-type 
semiconductor substrate 801 is reached and the 
Be density is SxlO^^cm"^. 

(4) Si ions accelerated to lOkeV were Injected 
into the region corresponding to the high density 
n-type semiconductor region 805, with the nor- 
mal ion injection method, so that the Si density 
is about IxlO^^cm"^ into a depth of lOnm. As 
this high density n-type semiconductor region 
805 is a region through which electrons pro- 
duced with the avalanche breakdown In the high 
density p-type semiconductor region 803 be- 
neath it pass, the energy loss due to the scatter- 
ing increases if It Is formed thick, deteriorating 
the electron emission efficiency. Thus, it is de- 
sirable to have the thickness of 10nm or less by 
making the Ion Injection at a low acceleration 
voltage, or etching the surface after the Ion 
injection. The electron emission portion consist- 
ing of the pn junction with the high density p- 
type semiconductor region can be formed by 
forming this high density n-type semiconductor 
regoin 805. 

(5) Sj02 was deposited as the insulating film 
806, about 0.2 um thick, with the sputtering 
method, and then the Injection portion was ac- 
tivated with the heat treatment at 850^*0 for 10 
seconds. 

(6) Au/Cr as the ohmic junction electrode 807 to 
the high density p-type semiconductor substrate 
801, and Au/Ge as the ohmic junction electrode 
808 to the high density n-type semiconductor 
region 805 were vacuum evaporated, respec- 
tively, on a back surface of the high density p- 
type semiconductor substrate 801, the normal 
photolithoetching was made, and then the al- 
loying heat treatment was performed at 350 "C 
for five minutes. 

(7) Cesium (Cs) which was a material of low 
work function was vacuum evaporated substan- 
tially in a monatomic layer on an exposed por- 
tion of the high density n-type semiconductor 
region 805 in the ultra-high vacuum to obtain the 
low work function coating 809. 

The semiconductor electron emission device 
thus fabricated was Installed within a vacuum 
chamber which was retained at about 1xlO~^^Torr 
or less, and a device voltage of 6V was applied 
between the ohmic junction electrodes 807 and 
808 from the power source 810, so that the elec- 
tron emission of about 0.1 uA was observed from 
the surface of the low work function coating 809 
(Cs) above the high density n-type semiconductor 
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region 805. In this way, with this example, it is 
possible to fornr) the senniconductor electron emis- 
sion device of pn junction type having the same 
electron emission characteristics as a conventional 
semiconductor electron emission device, with the 
simplified manufacturing process. 

Also, with this example, like the previous fourth 
example, by setting a potential between the ohmic 
junction electrode 808 and another electrode, it is 
possible to regulate the flying direction and the 
kinetic energy of electrons. 

(Example 6) 

Fig. 9 is a view showing a multi semiconductor 
electron emission device of Schottky barrier type 
provided with a plurality of electron emission por- 
tions, in a sixth example of the present invention, in 
which (a) is a plan view thereof, and (b) is a cross- 
sectional view taken along the line A-A' of (a). 

The multi semiconductor electron emission de- 
vice of this example is provided with four electron 
emission portions QOOA, 900B, 900C and 900D, like 
a matrix, on a high density p-type semiconductor 
region 902 formed on a semiconductor substrate 
901. 

Since the electron emission portions 900A, 
900B. 900C and 900D all have the same constitu- 
tion, the electron emission portion 900A will be 
exemplified. 

The electron emission portion 900A has the 
same constitution as in the previous fourth exam- 
ple, comprising a high density p-type semiconduc- 
tor region 904A which is a first p-type semiconduc- 
tor region, a p-type semiconductor region 905A 
which is a second p-type semiconductor region 
disposed in contact with the high density p-type 
semiconductor region 904A for supplying carriers 
to the high density p-type semiconductor region 
904A, a low density n-type semiconductor region 
903 which is a n-type semiconductor region lo- 
cated around the high density p-type semiconduc- 
tor region 904A and the p-type semiconductor re- 
gion 905A, and a Schottky electrode 91 OA for for- 
ming the Schottky barrier junction with the high 
density p-type semiconductor region 904A. 

Further, it is provided with an ohmic junction 
electrode 908 to the high density p-type semicon- 
ductor region 902 and an electrode wiring 909A to 
the Schottky electrode 91 OA for applying a reverse 
voltage to the Schottky barrier junction. The elec- 
trode wiring 909A is in contact with the Schottky 
electrode 910A on an insulating film 907 formed on 
the low density n-type semiconductor region 903 in 
order to prevent the short circuit with each p-type 
semiconductor region as previously described. 

The ohmic junction electrode 908 is connected 
via the high density p-type semiconductor region 



906 to the high density p-type semiconductor re- 
gion 902, and in this example, provided at two 
positions as shown in Fig. 9A. This ohmic junction 
electrode 908 is a common electrode to the four 
6 electron emission portions 900A, 900B, 900C and 
900D. 

The Schottky electrode 91 OA may be con- 
nected in common with Schottky electrodes 9108, 
91 OC and 91 OD (91 OC, 91 OD are not shown) of 

10 other electron emission portions 9008, 900C and 
900D, in which case as the ohmic junction elec- 
trode 908 is commonly used, the four electron 
emission portions 900A, 9008, 900C and 900D are 
controlled simultaneously for the electron emission 

76 operation. On the other hand, when the Schottky 
electrodes 910A, 9108, 910C and 910D of the 
electron emission portions 900A, 9008. 900C and 
900D are independent of each other, the control for 
each electron emission portion 900A, 9008, 900C 

20 and 900D is allowed. 

Further, on the device surface formed with the 
four electron emission portions 900A, 9008, 900C 
and 900D constitute as previously described, the 
portion except for the ohmic junction electrode 908 

25 is covered via a supporting member 911 made of 
insulating material with a gate 912 composed of 
metallic film provided on the insulating layer 907. 
This gate 912 is formed with opening portions 
91 3A, 9138, 91 3C and 91 3D at positions corre- 

30 spending to and upward of the electron emission 
portions 900A, 9008, 900C and 900D. respectively, 
whereby electrons emitted from each electron 
emission portion 900A, 900B, 900C and 900D are 
passed through the opening portions 91 3A, 9138, 

35 91 3C and 91 3D outward. 

A manufacturing process of the multi semicon- 
ductor electron emission device will be described 
specifically by way of an example. 

(1) After a reversal pattern was formed on an 
40 undoped, semi-insulating semiconductor sub- 
strate (GaAs) 901 having a density of impurities 
of ixlO^'^cm"^ or less, with the normal pho- 
tolithography, the normal ion injection was made 
so that the 8e density was 3xl0^^cm~3. 

45 And with the heat treatment at 850' C for 10 

seconds, the strike-like high density p-type 
semiconductor region 902 was formed longitudi- 
nally in the X direction. 

(2) With the MBE method, GaAs was grown, 0.6 
50 um thick, as the low density n-type semicon- 
ductor region 903 having a Si density of 
1x10'5cm"3 

(3) 8e ions accelerated to 40keV and 160keV 
were injected, with the FI8 method, into the 

55 regions corresponding to the high density p-type 
semiconductor regions 904A, 9048, 904C and 
904D to have a 8e density of 2x10^^cm~3 , the 
regions con-esponding to the p-type semicon- 
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ductor regions 905A, 905B, 905C and 905D to 
have a Be density of SxlO^^cm"^ , respectively. 

(4) Be ions were injected, with the FIB injection 
method, into the region corresponding to the 
high density p-type semiconductor region 906, 
so that the Be density is 3x10'^cm"3 substan- 
tially uniformly from the low density n-type 
semiconductor region 903 to the high density p- 
type semiconductor region 902. The MBE 
growth processes of (1) to (4) and the FIB 
injection process are carried out without expo- 
sure to the atmosphere, because respective ap- 
paratuses are connected through vacuum tunnel. 

Further, with the heat treatment at 850 
for 10 seconds, the high density p-type semi- 
conductor regions 904A, 904B, 904C and 904D, 
the p-type semiconductor regions 905A, 905B, 
905C and 905D, and high density p-type semi- 
conductor region 906 were activated. 

(5) After Si02 was deposited. 0.2 um thick, as 
the insulating film 907, on the low density p-type 
semiconductor region 903 into which the ion 
injection was made as previously described, 
with the normal sputtering method, respective 
openings were formed, with the normal 
photolithoetching method. 

(6) Au/Cr was vacuum evaporated on the high 
density p-type semiconductor region 906 to 
form the ohmic junction electrode 608 with the 
heat treatment at 350 ' C for 5 minutes. 

(7) Aluminum (AL) as the electrode wirings 
909A, 909B, 909C, 909D, and tungsten (W) as 
the material for forming the Schottky barrier 
junction to the high density p-type semiconduc- 
tor regions 904A, 904B, 904C, 904D, were de- 
posited with the electron beam source evapora- 
tion, 0.5 um and 8nm thick, respectively, to form 
the electrode wirings 909A, 909B, 909C, 909D 
and the Schottky electrodes 91 OA, 91 OB, 91 OC, 
91 OD, with the normal photolithoetching method. 
(7) For the supporting member 911 and the gate 
912 made of insulating material, SiOz and tung- 
sten (W) were sequentially deposited with the 
vacuum evaporation method, respectively, and 
the opening portions 91 3A, 91 3B, 91 3C, 91 3D 
were formed with the normal photolithoetching 
method. 

With the above processes (1) to (8), the multi 
semiconductor electron emission device having the 
four electron emission portions 900A, 900B, 900C, 
900D were completed. 

In the same way, a multl semiconductor elec- 
tron emission device having the electron emission 
portions arranged like a matrix, 20 In the X direc- 
tion, and 10 In the Y direction, was fabricated, and 
installed within a vacuum chamber within which the 
degree of vacuum was at about lx10"^Torr. If a 
reverse voltage of 7V was applied to the entire area 



of the electron emission portions, the electron 
emission of about 20nA in total was observed. Also, 
by applying a reverse voltage only between ar- 
bitrary ohmic junction electrode 908 and arbitrary 

5 electrode wiring 909, it was observed that only 
device located at its intersection emitted electrons. 
In this way, with this example, it is possible to form 
an electron emission device having the same elec- 
tron emission characteristics as a conventional 

10 multl semiconductor electron emission device and 
simply fabricated. 

With the semiconductor electron emission de- 
vice of the present invention: 

(1 ) A region of small resistivity is provided in the 
76 vicinity of the high density p-type semiconductor 

region bringing about the avalanche breakdown 
to use it for an electrode for the supply of 
electrons. Thereby, It Is possible to reduce the 
resistance of electron supply passage to the 
20 high density p-type semiconductor region. 

(2) The region of small resistivity is formed of, 
for example, a p-type semiconductor having a 
high carrier density. Thereby, all the portion 
except for the metallic electrode for forming the 

25 Schottky barrier junction can be formed of the 
semiconductor, so that the simplified fabrication 
process can be accomplished without exerting 
any bad effect on the fundamental characteris- 
tics of the device. 
30 That is, according to the present invention, it Is 
possible to make faster the operating speed of the 
device by providing the region of small resistivity in 
the vicinity of the high density p-type semiconduc- 
tor region bringing about the avalanche breakdown. 
35 Further, it Is possible to avoid the breakage or 
deterioration of the device due to the Joule heating 
in the vicinity of the high density p-type semicon- 
ductor region bringing about the avalanche break- 
down, and reduce the fluctuation in the electron 
40 emission amount. 

(Example 7) 

Figs. 10 and 11 are schematic views showing a 
45 semiconductor electron emission device in one ex- 
ample of the present invention. Fig. 10 is a plan 
view thereof, and Fig. 1 1 is a cross-sectional view 
taken along the line A-A' of Fig. 10. In the figure, 
1001 Is a high density p-type semiconductor sub- 
so strate, 1002 is a p-type semiconductor layer, 1003 
Is a high density p-type semiconductor region 
which is a feature of the present invention, 1004 Is 
a p-type semiconductor layer, 1005 is a ring-like n- 
type semiconductor region, 1006 is a high density 
55 p-type semiconductor region bringing about the 
avalanche amplification, 1007 Is an Insulating film, 
1008, 1009 are ohmic junction electrodes, respec- 
tively, 1010 Is a metallic electrode which Is a 
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Schottky barrier junction, 1011 is an end of a 
depletion layer when a reverse voltage calculated 
is applied, and 1012 is a power source. 

A manufacturing process of the semiconductor 
electron emission device as shown in Figs. 10 and 
1 1 will be described below. 

(1) A p-type GaAs semiconductor layer 1002 
doped with Be to have a carrier density of 
2x10^^cm~^ was grown on the high density p- 
type GaAs semiconductor substrate 101 doped 
with Zn and having a carrier density of 
5x10^^cm"3, with the MBE (Molecular Beam 
Epitaxy) method. 

(2) Be ions were injected into the high density 
p-type semiconductor region 1003, with the FIB 
(Focused Ion Beam) method, so that the density 
of impurities is SxlO^^cm"^. 

(3) The p-type GaAs semiconductor layer 104 
doped with Be was grown to have a carrier 
density of 2x10'^cm~3 with the MBE method. 
Then, Si ions were injected to have a density of 
impurities of IxlO^^cm"^, with the FIB injection 
method, so that the ring-like n-type semiconduc- 
tor region 1005 was formed. Further, Be Ions 
were injected to have a density of impurities of 
2x10^^cm~3, with the FIB injection method, so 
that the high density p-type semiconductor re- 
gion 1006 bringing about the avalanche am- 
plification was formed. After these injection por- 
cesses were completed, the injection portion 
was activated with the heat treatment at 850 " C 
for 10 seconds. 

(4) SiOa was vacuum evaporated as the insulat- 
ing film 1007, and the opening portion was 
formed with the normal photolithography. 

(5) Au/Ge and Au/Cr were vacuum evaporated 
on the ring-like n-type semiconductor region 
1004 and on a back surface of the high density 
p-type GaAs semiconductor substrate 1001, re- 
spectively, and the ohmic junction electrode 
1008 and 1009 were formed with the heat treat- 
ment at 400 ' C for five minutes. 

(6) Further, the 8nm thick electrode 1010 was 
formed with the electron beam evaporation by 
selecting W as the material for forming the 
Schottky barrier junction to the p-type GaAs 
semiconductor. 

The semiconductor electron emission device 
thus fabricated was installed within a vacuum 
chamber which was retained at a vacuum of about 
lx10~^Torr, and when a reverse voltage of 5V was 
applied from the power source 1011, the electron 
emission of about 0.1 nA was observed from the W 
surface above the high density p-type semiconduc- 
tor region 1006, and when the applied voltage was 
further increased up to 10V. the electron emission 
of about InA was observed. However, the breakage 
or unstable emission current during the electron 



emission, which occurred with a conventional de- 
vice, was not observed. Also, the semiconductor 
electron emission device realized the fast driving 
so that the operating speed from the application of 

6 electrons to their emission was about 1/4 or less 
that of the conventional device not having the high 
density p-type semiconductor region (which was a 
region having a small resistivity) of the present 
invention, when the structure and the size were the 

10 same. This is because the factor of determining the 
operating speed of the device depends on the 
product RC of a resistance R of the region for 
supplying electrons and a capacitance C of the 
depletion layer formed in the high density p-type 

75 semiconductor region bringing about the avalanche 
amplification, immediately before the avalanche 
breakdown occurs, as previously described. In the 
semiconductor electron emission device, since the 
capacitance C of the depletion layer is the same as 

20 that of the conventional device, but the distance L 
which is a factor of the resistance R in the region 
for supplying electrons is shorter, the product RC 
is smaller, so that the operating speed increases. 
Also, as the resistance R is smaller, the heat gen- 

25 oration due to the Joule heating is suppressed, 
thereby contributing to the stabilization of the de- 
vice in increasing the electron emission amount, 
particularly by raising the applied voltage. 

Referring now to Figs. 10 and 11, the operation 

30 principle of the semiconductor electron emission 
device according to the present invention will be 
described. In this semiconductor electron emission 
device, applicable semiconductor materials are Si, 
Ge, GaAs, GaP. AlAs, GaAsP, AIGaAs, SiC, BP, 

35 AIN, or diamond in principle, and particularly, the 
material of indirect transition type and having a 
wide band gap is preferable. The feature of the 
present invention is that the distance between the 
high density p-type semiconductor region 1006 in- 

40 volved in the emission of electrons by bringing 
about the avalanche amplification as thereinafter 
described and the high density p-type semiconduc- 
tor substrate 1001 for supplying electrons to the 
high density p-type semiconductor region is shorter 

45 than the region 1003 of small resistivity. The resis- 
tance decreases with shorter distance even if the 
resistivity of the p-type semiconductor 1004 is the 
same, so that the operating speed was faster, mak- 
ing it possible to suppress the heat generation due 

50 to the Joule heating, as previously described. The 
material for the electrode 1010 requires to form the 
Schottky junction with the p-type semiconductor, 
and may be, for example, Al, Au or LaBe, in addi- 
tion to tungsten (W), as commonly well known. 

55 However, since the electron emission efficiency 
increases with smaller work function of the elec- 
trode surface, the electron emission efficiency can 
be increased by coating a material of low work 
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function such as Cs on the surface, when the work 
function of the material is large. 

Referring now to Fig. 12, the electron emission 
process in the semiconductor electron emission 
device of the present invention will be described 
below. If the reverse bias voltage is applied to the 
Schottky diode forming the Schottky barrier junc- 
tion with the p-type semiconductor, the bottom Ec 
in the conduction band of the p-type semiconduc- 
tor is at a higher energy level than the vacuum 
level Evac of the electrode forming the Schottky 
barrier. Electrons produced with the avalanche am- 
plification obtain the higher energy than at a lattice 
temperature by the electric field within the deple- 
tion layer generated at the semiconductor metal 
electrode interface, and are injected into the elec- 
trode for forming the Schottky barrier junction. The 
electrons having larger energy than the work func- 
tion on the electrode surface for forming the Schot- 
tky barrier junction are emitted in the vacuum. 
Accordingly, the treatment of the electrode surface 
for the lower work function leads to the increase of 
electron emission amount, as previously described. 

(Example 8) 

Figs. 13 and 14 are schematic views showing 
partially a multielectron emission portion, in which 
semiconductor electron emission devices in an- 
other example of the present Invention are ar- 
ranged like a matrix. Fig. 13 is a plan view thereof, 
and Fig. 14 is a cross-sectional view taken along 
the line A-A* of Fig. 13. In these figures, 1301 is a 
semiinsulating semiconductor substrate, 1302 is a 
strike-like high density p-type semiconductor re- 
gion longitudinally in the X direction, 1303 Is a 
semi-insulating semiconductor layer, 1304 Is a high 
density p-type semiconductor region having a 
small resistivity which is a feature of the present 
invention, 1305 Is a semi-Insulating semiconductor 
layer, 1306 is a p-type semiconductor region lead- 
ing to the high density p-type semiconductor re- 
gion 1302, 1307 is a ring-like n-type semiconductor 
region, 1308 is a high density p-type semiconduc- 
tor regin bringing about the avalanche amplifica- 
tion, 1309 is a high density p-type semiconductor 
region in contact with the high density p-type semi- 
conductor region 1302, 1310 is an Insulator layer, 

1311 is an electrode which is an ohmic junction to 
the n-type semiconductor region 1307, shaped like 
a ring and disposed lengthwise in the Y direction, 

1312 is an ohmic junction electrode to the high 
density p-type semiconductor region 1309, 1313 is 
a thin electrode which is a Schottky barrier junction 
to the p-type semiconductor, 1314 Is a supporting 
member made of Insulating material, and 1315 is a 
gate composed of a metallic film. 

A manufacturing process of the semiconductor 
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electron emission device as shown in Figs. 13 and 
14 will be described. 

(1) Be ions were injected on the semi-insulating 
GaAs semiconductor substrate 1301 having a 

5 carrier density of ^x^0^^ctr^~^ or less so as to 
have a carrier density of SxlO^^cm"^, with the 
FIB (Focused Ion Beam) method, so that a 
stripe-like high density p-type semiconducotr re- 
gion 1302, lengthwise in the X direction, was 

10 formed. 

(2) With the MBE (Molecular Beam Epitaxy) 
method, the semi-insulating GaAs semiconduc- 
tor layer 1303 having a carrier density of 
IxlO^^cm"^ or less was grown. Then, Be ions 

75 were injected into the high density p-type semi- 
conductor region 1304 to have a density of 
impurities of SxlO^^cm"^ , with the FIB injection 
method. Further, with the MBE method, the 
semi-Insulating GaAs semiconductor layer 1305 

20 was grown to have a carrier density of 
IxlO^^cm"^ or less. 

(3) Be ions accelerated to 40keV, l40keV and 
200keV were injected successively into the p- 
type semiconductor region 1306, respectively, 

25 with the FIB injection method, so that the den- 
sity of impurities of 2x10^^ cm is obtained sub- 
stantially uniformly from the surface to the high 
density p-type GaAs semiconductor layer 1302. 
Then, Be ions were also injected into the high 

30 density p-type semiconductor region 1309, like 
1306, with the FIB Injection, so that the carrier 
density is 5xl0^^cm~3 or greater. Then, Si Ions 
were injected to have a density of impurities of 
IxlO^^cm"^, with the FIB Injection method, so 

35 that the ring-like n-type semiconductor region 
1307 was formed. Further, Be Ions were injected 
to have a density of impurities of 2xl0'^cm~^ 
with the FIB injection method, so that the high 
density p-type semiconductor region 1308 

40 bringing about the avalanche amplification was 
formed. 

The FIB injection processes and the MBE 
growth processes of (1) to (4) are carried out 
without exposure to the atmosphere, because 
46 respective apparatuses are connected through 
vacuum tunnel. After these Injection processes 
were completed, the injection portion was ac- 
tivated with the heat treatment at 850 for 10 
seconds. 

50 (5) AIN (aluminum nitride) was vacuum evap- 
orated as the insulating film 1310, and the open- 
ing was formed, with the normal photollthoetch- 
ing method. 

(6) Au/Ge and Au/Cr were vacuum evaporated 
55 on the ring-like n-type semiconductor region 
1307 and on the high density p-type semicon- 
ductor region 1309, respectively, and the ohmic 
junction electrodes 1311 and 1312 were formed 

16 
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with the heat treatment at 400 ''C for 5 minutes. 

(7) The 8nm thick electrode 1313 was formed, 
with the electron beam evaporation method, by 
selecting W as the material for forming the 
Schottky barrier junction to the p-type GaAs 
semicoductor. 

(8) Si02 and W were deposited sequentially, 
with the vacuum evaporation method, as the 
supporting member 1314 and the gate 1315 
made of insulating material, respectively, which 
were then formed with the normal photolithog- 
raphy method. 

The multi semiconductor electron emission de- 
vice having the electron emission portions thus 
fabricated arranged like a matrix, 20 in the X direc- 
tion, and 15 in the Y direction, was installed within 
a vacuum chamber which was evacuated to a 
vacuum of about lxlO"^Torr. If a reverse bias 
voltage of 7V was applied to the entire area of the 
multi device, the electron emission of about 60nA 
in total was observed. The operating speed of this 
device was substantially the same as that of single 
device. In the driving for a long time, there was no 
breakage or deterioration of the device or no fluc- 
tuation in the electron emission amount. 

With the semiconductor electron emission de- 
vice of the present invention: 

(1) A semiconductor region of small resistivity or 
metallic electrode is provided in direct contact 
with a surface of the high density p-type semi- 
conductor region bringing about the avalanche 
breakdown, which is different from the surface 
bringing about the avalanche breakdown. There- 
by, it is possible to reduce the resistance of 
electron supply passage to the avalanche break- 
down portion. 

(2) The region of small resistivity is formed with 
the ion injection method. Thereby, it is possible 
to control the resistance in that region easily and 
precisely. 

Accordingly, according to the present inven- 
tion, it is possible to make faster the operating 
speed of the device by providing the semiconduc- 
tor region of small resistivity or metallic electrode 
for supplying electrons in direction contact with the 
high density p-type semiconductor region bringing 
about the avalanche breakdown. Further, it is possi- 
ble to avoid the breakage or deterioration of the 
device due to the Joule heating in the vicinity of 
the high density p-type semiconductor region 
bringing about the avalanche amplification, and re- 
duce the fluctuation in the electron emission 
amount. 

(Example 9) 

Fig. 15 shows schematically a semiconductor 
electron emission device in one example of the 



present invention, in which Fig. 15A is a plan view 
thereof, and Fig. 15B is a cross-sectional view 
taken along the line A-A' of Fig. 15A. In the figure, 
1501 is a high density p-type semiconductor sub- 

5 strate, 1502 is a p-type semiconductor layer, 1503 
is a high density p-type semiconductor region, 
1504 is a p-type semiconductor layer, 1505 is a 
ring-like n-type semiconductor region, 1506 is a 
high density p-type semiconductor region bringing 

10 about the avalanche amplification, 1507 is an in- 
sulating film, 1508, 1509 are ohmic junction elec- 
trodes, respectively, 1510 is a metallic electrode 
which is a Schottky barrier junction, 1511 is an end 
of a depletion layer when a reverse voltage cal- 

75 culated is applied, and 1512 is a power source. 

A manufacturing process of the semiconductor 
electron emission device as shown in Fig. 15 will 
be described below. 

(1) A p-type GaAs semiconductor layer 1502 
20 doped with Be to have a carrier density of 

2x10^^cm~3 was grown on the high density p- 
type GaAs semiconductor substrate 1501 doped 
with Zn and having a carrier density of 
5x10^^cm~3 , with the M8E (Molecular Beam 
25 Epitaxy) method. 

(2) Be ions were injected into the high density 
p-type semiconductor region 1503, with the FIB 
(Focused Ion Beam) method, so that the density 
of impurities is 5x10^^cm~^. This region 1503 in 

30 intended to reduce the resistivity, and a higher 
carrier density is generally preferable. After the 
injection, the activation of the injection portion 
and the recovery of crystal were carried out with 
the heat treatment at 850 C for 10 seconds. 

35 (3) The p-type GaAs semiconductor layer 104 
doped with Be was grown to have a carrier 
density of 2x10^^cm~3 with the MBE method. 
Then, Si ions were injected to have a density of 
impurities of IxlO'^cm"^, with the FIB injection 

40 method, so that the ring-like n-type semiconduc- 
tor region 1505 was formed. Further, Be inns 
were injected to have a density of impurities of 
2xl0^^cm~3 , and reach the high density p-type 
semiconductor region 1503, with the FIB injec- 

45 tion method, so that the high density p-type 
semiconductor region 1506 bringing about the 
avalanche amplification was formed. After these 
injection processes were completed, the injec- 
tion portion was activated with the heat treat- 

50 ment at 850 ' C for 1 0 seconds. 

(4) SiOa was vacuum evaporated as the insulat- 
ing film 1507, and the opening portion was 
formed with the normal photolithography. 

(5) Au/Ge and Au/Cr were vacuum evaporated 
55 on the ring-like n-type semicondutor region 1504 

and on a back surface of the high density p-type 
GaAs semiconductor substrate 1501. respective- 
ly, and the ohmic junction electrode 1508 and 
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1509 were formed with the heat treatment at 
400 • C for five minutes. 

(6) Further, the 8nm thick electrode 1510 was 
formed with the electron beam evaporation by 
selecting W as the material for forming the 
Schottky barrier junction to the p-type GaAs 
semiconductor. 

The semiconductor electron emission device 
(Fig. 15) thus fabricated was installed within a 
vacuum chamber which was retained at a vacuum 
of about lx10"7Torr, and when a reverse bias 
voltage of 5V was applied from the power source 
1511, the electron emission of about O.lnA was 
observed from the W surface above the high den- 
sity p-type semiconductor region 1506, and when 
the applied voltage was further increased up to 
10V, the electron emission of about InA was ob- 
served. However, the breakage or unstable emis- 
sion current during the electron emission, which 
occurred with a conventional device, was not ob- 
served. Also, the semiconductor electron emission 
device realized the fast driving so that the operat- 
ing speed from the application of electrons to their 
emission was about 1/4 or less that of the conven- 
tional device not having the high density p-type 
semiconductor region 1503 of the present inven- 
tion, when the structure and the size were the 
same. This is because the factor of determining the 
operating speed of the device depends on the 
product RC of a resistance R of the region for 
supplying electrons and a capacitance C of the 
depletion layer formed in the high density p-type 
semiconductor region bringing about the avalanche 
amplification, immediately before the avalanche 
breakdown occurs, as previously described. In this 
semiconductor electron emission device, since the 
capacitance C of the depletion layer Is the same as 
that of the conventional device, but the resistance 
R in the region for supplying electrons is shorter, 
the product RC is smaller, so that the operating 
speed Increases. Also, as the resistance R Is small- 
er, the heat generation due to the Joule heating is 
suppressed, thereby contributing to the stabilization 
of the device In increasing the electron emission 
amount, particularly by raising the applied voltage. 

Referring now to Figs. 12 and 15, the operation 
principle of the semiconductor electron emission 
device according to the present invention will be 
described. In Fig. 15, applicable semiconductor 
materials are Si, Ge, GaAs. GaP, AlAs, GaAsP, 
AIGaAs, SiC, BP, AIN, or diamond in principle, and 
particularly, the material of indirect transition type 
and having a wide band gap Is preferable. The 
feature of the present Invention is that the resis- 
tance between the high density p-type semicon- 
ductor region 1506 involved in the emission of 
electrons by bringing about the avalanche amplifi- 
cation as thereinafter described and the high den- 



sity p-type semiconductor substrate 1501 for sup- 
plying electrons to the high density p-type semi- 
conductor region is smaller. Thereby, the operating 
speed of the device was faster, making It possible 

6 to suppress the heat generation due to the Joule 
heating, as previously described. The material for 
the electrode 1510 requires to form the Schottky 
barrier junction with the p-type semiconductor, and 
may be, for example, Al, Au or LaBe, in addition to 

10 tungsten (W), as commonly well known. However, 
since the electron emission efficiency increases 
with smaller work function of the electrode surface, 
the electron emission efficiency can be increased 
by coating a material of low work function such as 

75 Cs on the surface, when the work function of the 
material is large. 

Referring now to Fig. 12, the electron emission 
process in the semiconductor electron emission 
device using the Schottky barrier junction of the 

20 present invention will be described below. If the 
reverse bias voltage is applied to the Schottky 
diode forming the Schottky barrier junction with the 
p-type semiconductor, the bottom Ec in the con- 
duction band of the p-type semiconductor is at a 

25 higher energy level than the vacuum level Evac of 
the electrode forming the Schottky barrier. Elec- 
trons produced with the avalanche amplification 
obtain the higher energy than at a lattice tempera- 
ture by the electric field within the depletion layer 

30 generated at the semiconductor-metal electrode in- 
terface, and are injected into the electrode for 
forming the Schottky barrier junction. The electrons 
having large energy than the work function on the 
electrode surface for forming the Schottky barrier 

35 junction are emitted in the vacuum. Accordingly, 
the treatment of the electrode surface for the lower 
work function leads to the Increase of electron 
emission amount, as previously described. 

40 (Example 10) 

Fig. 16 shows schematically a semiconductor 
electron emission device using the pn junction in 
one example of the present Invention, in which Fig. 

45 16A is a plan view thereof, and Fig. 16B is a cross- 
sectional view taken along the line A- A' of Fig. 16 A. 
In the figure, 1601 Is a high density p-type semi- 
conductor substrate, 1602 is a p-type semiconduc- 
tor layer, 1603 is a high density p-type semicon- 

50 ductor region, 1604 Is a p-type semiconductor lay- 
er, 1605 Is a ring-like n-type semiconductor region, 
1606 Is a high density p-type semiconductor region 
bringing about the avalanche amplification, 1607 Is 
a high density n-type semiconductor layer forming 

55 the pn junction with the p-type semiconductor 1604 
and the high density p-type semiconductor region 
1606. 1608 Is an Insulating film, 1609, 1610 are 
ohmic junction electrodes, respectively, 1611 Is a 
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thin film of low work function material, 1612 is an 
end of a depletion layer when a reverse bias volt- 
age calculated is applied, and 1613 is a power 
source. 

A manufacturing process of the semiconductor 5 
electron emission device as shown in Fig. 16 will 
be described below. 

(1) A p-type GaAs semiconductor layer 1602 
doped with Be to have a carrier density of 
2x10^^cm~3 was grown on the high density p- io 
type GaAs semiconductor substrate 1601 doped 

with Zn and having a carrier density of 
5x10^Scm-3 , with the MBE (Molecular Beam 
Epitaxy) method. 

(2) Be ions were injected into the high density 75 
p-type semiconductor region 1603, with the FIB 
(Focused Ion Beam) method, so that the density 

of impurities is 5x10^^cm"3. 

(3) The p-type GaAs semiconductor layer 1604 
doped with Be was grown to have a carrier 20 
density of 2x10^^cm"3 with the MBE method. 
Then, Si ions were injected to have a density of 
impurities of IxlO^^cm"^, with the FIB injection 
method, so that the ring-like n-type semiconduc- 
tor region 1605 was formed. Further, Be ions 25 
were injected to have a density of impurities of 
2x10^^cm~^, and reach the high density p-type 
semiconductor region 1603, with the FIB injec- 
tion method, so that the high density p-type 
semiconductor region 1606 bringing about the 30 
avalanche amplification was formed. 

(4) Si Ions were injected as the thin high density 
n-type semiconductor layer 1607, with the nor- 
mal ion Injection method, so that the density of 
impurities is SxlO^^cm"^ into a depth of lOnm. 35 
As this high density n-type semiconductor layer 

is a region through which electrons produced 
with the avalanche breakdown beneath it pass, 
the energy loss due to scattering increases if It 
Is formed thick, remarkably deteriorating the 40 
electron emission efficiency. Accordingly, to 
form the thin high density n-type semiconductor 
layer, It is necessary to make the ion injection at 
a low acceleration voltage, or make the surface 
thinner with the etching after the Ion injection. 45 

(5) After these injection processes were com- 
pleted, the injection portion was activated with 
the heat treatment at 850* C for 10 seconds. 

(6) SiOa was vacuum evaporated as the Insulat- 
ing film 1608, and then the opening portion was so 
formed with the normal photolithography. 

(7) Au/Ge and Au/Cr were vacuum evaporated 
on the ring-like n-type semiconductor region 
1605 and on a back surface of the high density 
p-type GaAs semiconductor substrate 1601, re- 55 
spectlvely, and the ohmic junction electrode 
1609 and 1610 were formed with the heat treat- 
ment at 400 • C for 5 minutes. 
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(8) Cesium (Cs) as the thin film 1611 made of a 
material of low work function was vacuum evap- 
orated substantially in a monatomic layer. 
The semiconductor electron emission device of 
pn junction type thus fabticated was installed within 
a vacuum chamber which was retained at a vacu- 
um of about lxlO"^Torr or less, and when a re- 
verse bias voltage of 7V was applied from the 
power source 1611, the electron emission of about 
InA was observed. However, the breakage or unsta- 
ble emission current during the electron emission, 
which occurred with a conventional device, was not 
observed. Also, the semiconductor electron emis- 
sion device realized the fast driving so that the 
operating speed from the application of electrons to 
their emission was about 1/4 or less that of the 
conventional device not having the high density p- 
type semiconductor region 1603 of the present 
invention, when the structure and the size were the 
same. 

(Example 11) 

Fig. 17 shows schematically a multi electron 
emission portion; in part, In which semiconductor 
electron emission devices in another example of 
the present invention are arranged like a matrix. 
Fig. 17A Is a plan view thereof, and Fig. 17B Is a 
cross sectional view taken along the line A-A' of 
Fig. 17A. In these figures, 1701 is a semi-insulating 
semiconductor substrate, 1702 is a stripe-like high 
density p-type semiconductor region, disposed 
lengthwise in the X direction, 1703 Is a semi- 
insulating semiconductor layer, 1704 is a high den- 
sity p-type semiconductor region, 1705 is a semi- 
insulating semiconductor layer, 1706 Is a p-type 
semiconductor region leading to the high density p- 
type semiconductor region 1702, 1707 is a ring-like 
n-type semiconductor region, 1708 is a high den- 
sity p-type semiconductor region bringing about 
the avalanche amplification, 1709 Is a high density 
p-type semiconductor region in contact with the 
high density p-type semiconductor region 1702, 
1710 Is an Insulator layer 1711 is an electrode 
which is an ohmic junction to the n-type semicon- 
ductor region 1707, shaped like a ring and dis- 
posed lengthwise in the Y direction, 1712 is an 
ohmic junction electrode to the high density p-type 
semiconductor region 1709, 1713 is a thin elec- 
trode which is a Schottky barrier junction to the p- 
type semiconductor, 1714 Is a supporting member 
made of insulating material, and 1715 Is a gate 
composed of a metallic film. 

A manufacturing process of the semiconductor 
electron emission device as shown in Fig. 17 will 
be described. 

(1) Be ions were Injected into the semiinsulating 
GaAs semiconductor substrate 1701 having a 
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carrier density of IxlO^^Qp^-a less so as to 
have a carrier density of SxlO^^cm"^, with the 
FIB method, so that a stripe-like high density p- 
type semiconductor region 1702, lengthwise in 
the X direction, was formed. 5 

(2) With the MBE method, the semi-insulating 
GaAs semiconductor layer 1703 having a carrier 
density of IxlO^^cm"^ or less was grown. Then, 
Be ions were injected into the high density p- 
type semiconductor region 1704 to have a den- io 
sity of impurities of SxlO'^cm"^ , with the FIB 
injection method. Further, with the MBE method, 

the semi-insulating GaAs semiconductor layer 
1705 was grown to have a carrier density of 
Ixl0^2cm~3 or less. 75 

(3) Be ions accelerated to 40keV, l40keV and 
200keV were injected successively into the p- 
type semiconductor region 1706, with the FIB 
injection method, so that the density of impuri- 
ties of 2x10'^cm"3 is obtained substantially uni- 20 
formly from the surface to the high density p- 
type GaAs semiconductor layer 1702. Then, Be 

ions were also injected into the high density p- 
type semiconductor region 1709, like 1706, with 
the FIB injection, so that the carrier density is 25 
5x10^^cm~3 or greater. Then, Si ions were in- 
jected to have a density of impurities of 
1x10^^cm"3 , with the FIB injection method, so 
that the ring-like n-type semicoductor region 
1707 was formed. Further, Be ions were injected 30 
to have a density of impurities of 2xl0^^cm~3 
with the FIB injection method, so that the high 
density p-type semiconductor region 1708 
bringing about the avalanche amplification was 
formed. 35 

The FIB injection processes and the MBE 
growth processes of (1) to (4) are carried out 
without exposure to the atmosphere, because 
respective apparatuses are connected through 
vacuum tunnel. After these injection processes 40 
were completed, the injection portion was ac- 
tivated with the heat treatment at 850' 0 for 10 
seconds. 

(5) AIN (aluminum nitride) was vacuum evap- 
orated as the insulating film 1710, and the open- 45 
ing was formed, with the normal photolithog- 
raphy method. 

(6) Au/Ge and Au/Cr were vacuum evaporated 
on the ring-like n-type semiconductor region 
1707 and on the high density p-type semicon- 50 
ductor region 1709, respectively, and the ohmic 
junction electrodes 1711 and 1712 were formed 

with the heat treatment at 400 ' C for 5 minutes. 

(7) The 8nm thick electrode 1713 was formed, 

with the electron beam evaporation method, by 55 
selecting W as the material for forming the 
Schottky barrier junction to the p-type GaAs 
semiconductor. 



(8) SiOa and W were deposited sequentially, 
with the vacuum evaporation method, as tfie 
supporting member 1714 and the gate 1715 
made of insulating material, respectively, which 
were then formed with the normal photolithog- 
raphy method. 
The multi semiconductor electron emission de- 
vice having the electron emission portions thus 
fabricated arranged like a matrix, 20 in the X direc- 
tion, and 15 in the Y direction, was installed within 
a vacuum chamber which was evacuated to a 
vacuum of about 1x10"^Torr. If a reverse bias 
voltage of 7V was applied to the entire area of the 
multi device, the electron emission of about 60nA 
in total was observed. The operating speed of this 
device was substantially the same as that of single 
device. In the driving for a long time, there was no 
breakage or deterioration of the device or no fluc- 
tuation in the electron emission amount. 

The present invention can exhibit the following 
effects owing to the constitution as above de- 
scribed. 

(1) Since the second p-type semiconductor re- 
gion of a low density and the third p-type semi- 
conductor region of a further lower density are 
formed outside the first p-type semiconductor 
region having a high carrier density, the shape 
of depletion layer can be made such that the 
electric field is most concentrated on the first p- 
type semiconductor region. Thereby, the ava- 
lanche breakdown will occur efficiently only in 
the first p-type semiconductor region, and the 
guard ring structure and its ohmic junction elec- 
trode which were provided in the conventional 
arts as previously described are unnecessary, 
so that the device structure and the manufactur- 
ing process can be simplified. 

(2) Since the series resistance of the device can 
be smaller by providing a higher carrier density 
in the fourth p-type semiconductor region for 
supplying carriers to the first p-type semicon- 
ductor region than in the second p-type semi- 
conductor region located around the first p-type 
semiconductor region, it is possible to provide a 
semiconductor electron emission device having 
a faster operating speed. 

(3) Since the high density p-type semiconductor 
region defining the avalanche amplification and 
the high density semiconductor region or metal- 
lic electrode for supplying electrons are directly 
in contact, the product RC between a resistance 
R of the region leading to the depletion layer 
bringing about the avalanche amplification and a 
capacitance C of the depletion layer can be 
reduced, so that the operating speed of the 
device determined by the product RC can be 
incresaed. Also, as the resistance R can be 
reduced, it is possible to aviod the heat genera- 
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tion or deterioration of the device due to the 
Joule heating therein or suppress the fluctuation 
in the electron emission amount. 
On a high density p-type semiconductor sub- 
strate, a high density p-type semiconductor region 
and a p-type semiconductor region 104 for sup- 
plying carriers to the high density p-type semicon- 
ductor region are disposed in contact, further, a p- 
type semiconductor region and a low density p- 
type semiconductor region are disposed outwardly 
around the high density p-type semiconductor re- 
gion and the p-type semiconductor region, and on 
a surface of device, a Schottky electrode which is a 
metallic film for forming the Schottky barrier junc- 
tion with the high density p-type semiconductor 
region is disposed. The density relation between 
carrier densities of the semiconductor regions is 
such that high density p-type semiconductor region 
> p-type semiconductor region > p-type semicon- 
ductor region > low density p-type semiconductor 
region. 

Claims 

1. A semiconductor electron emission device, 
having an electron emission portion comprised 
of a Schottky barrier junction between a metal 
material or metallic compound material and a 
semiconductor for emitting electrons from a 
solid surface thereof, characterized in that said 
electron emission portion comprising: 

a first p-type semiconductor region bring- 
ing about the avalanche breakdown by forming 
said Schottky barrier junction; 

a second p-type semiconductor region lo- 
cated around said first p-type semiconductor 
region; 

a third p-type semiconductor region lo- 
cated around said second p-type semiconduc- 
tor region; and 

a fourth p-type semiconductor region for 
supplying carriers to said first p-type semicon- 
ductor region; 

wherein the density relation between car- 
rier densities of said first to fourth p-type semi- 
conductor regions is such that (first p-type 
semiconductor region) > (fourth p-type semi- 
conductor region) > (second p-type semicon- 
ductor region) > (third p-type semiconductor 
region). 

2. The semiconductor electron emission device 
according to claim 1 , characterized In that said 
first p-type semiconductor region and said 
fourth p-type semiconductor region of said 
electron emission portion are in contact. 

3. The semiconductor electron emission device 



according to claim 1, characterized in that an 
electrode for defining the flying direction of 
electron emitted from said electron emission 
portion is provided in the vicinity of a solid 
5 surface. 

4. The semiconductor electron emission device 
according to claim 1, characterized In that an 
electrode for defining the kinetic energy of 

10 electron emitted from said electron emission 

portion is provided in the vicinity of a solid 
surface. 

5. The semiconductor electron emission device 
75 according to claim 1 , characterized In that on a 

surface of said electron emission portion made 
of a metal material or metallic compound ma- 
terial forming the Schottky barrier junction, a 
material having a different work function from 
20 said metal material or metallic compound ma- 

terial is deposited. 

6. The semiconductor electron emission device 
according to claim 1, characterized in that said 

25 electron emission portion is formed on a semi- 

conductor substrate. 

7. The semiconductor electron emission device 
according to claim 1, characterized in that a 

30 plurality of electron emission portions are pro- 

vided on the same substrate. 

8. The semiconductor electron emission device 
according to claim 7, characterized in that said 

35 substrate is a semiconductor substrate. 

9. The semiconductor electron emission device 
according to claim 7, characterized in that a 
plurality of electron emission portions are elec- 

40 trically independent to emit electrons sepa- 

rately. 

10. The semiconductor electron emission device 
according to claim 1, characterized In that said 

45 first to fourth p-type semiconductor regions of 

the electron emission portion are formed with 
the Ion injection method. 

11. A semiconductor electron emission device, 
50 having an electron emission portion comprised 

of a Schottky barrier junction between a metal 
material or metallic compound material and a 
semiconductor for emitting electrons from a 
solid surface thereof, characterized in that said 
55 electron emission portion comprising: 

a first p-type semiconductor region bring- 
ing about the avalanche breakdown by forming 
said Schottky barrier junction; 
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a second p-type semiconductor region lo- 
cated around said first p-type semiconductor 
region; 

a third p-type semiconductor region lo- 
cated around said second p-type semiconduc- s 
tor region; and 

a fourth p-type semiconductor region for 
supplying carriers to said first p-type semicon- 
ductor region; 

wherein the density relation between car- io 
rier densities of said first to fourth p-type semi- 
conductor regions is such that (fourth p-type 
semiconductor region) ^ (first p-type semicon- 
ductor region) > (second p-type semiconductor 
region) > (third p-type semiconductor region). 76 

12. The semiconductor electron emission device 
according to claim 11, characterized in that 
said first p-type semiconductor region and said 
fourth p-type semiconductor region of said 20 
electron emission portion are in contact. 

13. The semiconductor electron emission device 
according to claim 11, characterized in that an 
electrode for defining the flying direction of 25 
electron emitted from said electron emission 
portion is provided in the vicinity of a device 
surface. 

14. The semiconductor electron emission device 30 
according to claim 11, characterized in that an 
electrode for defining the kinetic energy of 
electron emitted from said electron emission 
portion is provided In the vicinity of a device 
surface. 35 

15. The semiconductor electron emission device 
according to claim 11, characterized in that on 
a surface of said electron emission portion 
made of a metal material or metallic compound 40 
material forming the Schottky barrier junction, 
material having a different work function from 

said metal material or metallic compound ma- 
terial is deposited. 

45 

16. The semiconductor electron emission device 
according to claim 11, characterized in that 
said electron emission portion is formed on a 
semiconductor substrate. 

50 

17. The semiconductor electron emission device 
according to claim 11, characterized in that a 
plurality of electron emission portions are pro- 
vided on the same substrate. 

65 

1& The semiconductor electron emission device 
according to claim 17, characterized in that 
said substrate is a semiconductor substrate. 



19. The semiconductor electron emission device 
according to claim 17. characterized in that a 
plurality of electron emission portions are elec- 
trically independent to emit electrons sepa- 
rately. 

20. The semiconductor electron emission device 
according to claim 11, characterized in that 
said first to fourth p-type semiconductor re- 
gions of the electron emission portion are 
formed with the ion injection method. 

21. A semiconductor electron emission device, 
having an electron emission portion comprised 
of a pn junction between an n-type semicon- 
ductor and a p-type semiconductor for emitting 
electrons from a solid surface thereof, char- 
acterized in that said electron emission portion 
comprising: 

an n-type semiconductor region located on 
said solid surface; 

a first p-type semiconductor region bring- 
ing about the avalanche breakdown by forming 
said pn junction with said n-type semiconduc- 
tor region; 

a second p-type semiconductor region lo- 
cated around said first p-type semiconductor 
region; 

a third p-type semiconductor region lo- 
cated around said second p-type semiconduc- 
tor region; and 

a fourth p-type semiconductor region for 
supplying carriers to said first p-type semicon- 
ductor region; 

wherein the density relation between car- 
rier densities of said first to fourth p-type semi- 
conductor regions and said n-type semicon- 
ductor region is such that 
(n-type semiconductor region) > (first p-type 
semiconductor region) > (fourth p-type semi- 
conductor region) > (second p-type semicon- 
ductor region) > (third p-type semiconductor 
region). 

22. The semiconductor electron emission device 
according to claim 21, characterized in that 
said first p-type semiconductor region and said 
fourth p-type semiconductor region of said 
electron emission portion are in contact. 

23. The semiconductor electron emission device 
according to claim 21 , characterized in that an 
electron for defining the flying direction of 
electron emitted from said electron emission 
portion is provided in the vicinity of a solid 
surface. 

24. The semiconductor electron emission device 
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according to claim 21, characterized in that an 
electrode for defining the kinetic energy of 
electron ennitted fronn said electron emission 
portion is provided in the vicinity of a solid 
surface. 5 

25. The semiconductor electron emission device 
according to claim 21 , characterized in that on 
a surface of said n-type semiconductor region 
in said electron emission portion, a material n 
having a different work function is deposited. 



26. The semiconductor electron emission device 
according to claim 21, characterized In that 
said electron emission portion is formed on a 
semiconductor substrate. 



supplying carriers to said first p-type semicon- 
ductor region; 

wherein the density relation between car- 
rier densities of said first to fourth p-type semi- 
conductor regions and said n-type semicon- 
ductor region is such that 
(n-type semiconductor region) > (fourth p-type 
semiconductor region) ^ (first p-type semicon- 
ductor region) > (second p-type semiconductor 
region) > (third p-type semiconductor region). 

32. The semiconductor electron emission device 
according to claim 31, characterized in that 
said first p-type semiconductor region and said 
75 fourth p-type semiconductor region of said 

electron emission portion are in contact. 



27. The semiconductor electron emission device 
according to claim 21, characterized in that a 
plurality of electron emission portions are pro- 
vided on the same substrate. 

28. The semiconductor electron emission device 
according to claim 27, characterized in that 
said substrate is a semiconductor substrate. 

29. The semiconductor electron emission device 
according to claim 27, characterized in that a 
plurality of electron emission portions are elec- 
trically independent to emit electrons sepa- 
rately. 

30. The semiconductor electron emission device 
according to claim 21, characterized in that 
said first to fourth p-type semiconductor re- 
gions and said n-type semiconductor region 
are formed with the Ion injection method. 

31. A semiconductor electron emission device, 
having an electron emission portion comprised 
of a pn junction between an n-type semicon- 
ductor and a p-type semiconductor for emitting 
electrons from a solid surface thereof, char- 
acterized in that said electron emission portion 
comprising: 

an n-type semiconductor region located on 
said solid surface for forming said pn junction; 

a first p-type semiconductor region bring- 
ing about the avalanche breakdown by forming 
said pn junction with said n-type semiconduc- 
tor region; 

a second p-type semiconductor region lo- 
cated around said first p-type semiconductor 
region; 

a third p-type semiconductor region lo- 
cated around said second p-type semiconduc- 
tor region; and 

a fourth p-type semiconductor region for 



33. The semiconductor electron emission device 
according to claim 31 , characterized in that an 
20 electrode for defining the flying direction of 

electron emitted from said electron emission 
portion is provided In the vicinity of a solid 
surface. 

25 34. The semiconductor electron emission device 
according to claim 31, characterized in that an 
electrode for defining the kinetic energy of 
electron emitted from said electron emission 
portion is provided in the vicinity of solid sur- 

30 face. 

35. The semiconductor electron emission device 
according to claim 31, characterized in that on 
a surface of said n-type semiconductor region 

35 in said electron emission portion, a material 

having a different work function is deposited, 

36. The semiconductor electron emission device 
according to claim 31, characterized in that 

40 said electron emission portion Is formed on a 

semiconductor substrate. 

37. The semiconductor electron emission device 
according to claim 31, characterized In that a 

45 plurality of electron emission portions are pro- 

vided. 

38. The semiconductor electron emission device 
according to claim 37, characterized in that 

50 said substrate is a semiconductor substrate. 

39. The semiconductor electron emission device 
according to claim 37, characterized In that a 
plurality of electron emission portions are elec- 

55 trically Independent to emit electrons sepa- 

rately. 

40. The semiconductor electron emission device 
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according to claim 31, characterized in that 
said first to fourth p-type semiconductor re- 
gions and said n-type semiconductor region 
are formed with the ion injection method. 

6 

41. A semiconductor electron emission device, 
having an electron emission portion comprised 
of a Schottky barrier junction between a metal 
material or metallic compound material and a 
semiconductor for emitting electrons from a io 
solid surface thereof, characterized in that said 
electron emission portion comprising: 

a first p-type semiconductor region bring- 
ing about the avalanche breakdown by forming 
said Schottky barrier junction; 76 

a second p-type semiconductor region, lo- 
cated in contact with said first p-type semicon- 
ductor region, for supplying carriers to have 
first p-type semiconductor region; and 

an n-type semiconductor region, located 20 
around said frist p-type semiconductor region, 
for forming a pn junction with said first p-type 
semiconductor region, as well as forming said 
Schottky barrier junction with said metal ma- 
terial or metallic compound material; 25 

wherein the density relation between car- 
rier densities of said first and second p-type 
semiconductor regions and said n-type semi- 
conductor region is such that 
(first p-type semiconductor region) > (second 30 
p-type semiconductor region) > (n-type semi- 
conductor region). 

42. The semiconductor electron emission device 
according to claim 41, characterized in that an 35 
electrode for defining the flying direction of 
electron emitted from said electron emission 
portion is provided in the vicinity of a solid 
surface. 

40 

43. The semiconductor electron emission device 
according to claim 41, cahracterlzed in that an 
electrode for defining the kinetic energy of 
electron emitted from said electron emission 
portion is provided In the vicinity of solid sur- 45 
face. 

44. The semiconductor electron emission device 
according to claim 41, characterized in that on 

a surface of metal material or metallic com- so 
pound material forming the Schottky barrier 
junction in said electron emission portion, a 
material having a different work function from 
said metal material or metallic compound ma- 
terial is deposited. 55 

45. The semiconductor electron emission device 
according to claim 41, characterized In that 



said electron emission portion is formed on a 
semiconductor substrate. 

46. The semiconductor electron emission device 
according to claim 41, characterized in that a 
plurality of electron emission portions are pro- 
vided on the same substrate. 

47. The semiconductor electron emission device 
according to claim 46, characterized In that 
said substrate is a semiconductor substrate. 

48. The semiconductor electron emission device 
according to claim 46, characterized in that a 
plurality of electron emission portions are elec- 
trically independent to emit electrons sepa- 
rately. 

49. The semiconductor electron emission device 
according to claim 41, characterized in that 
said first and second p-type semiconductor 
regions and said n-type semiconductor region 
in said electron emission portion are formed 
with the ion injection method. 

50. A semiconductor electron emission device, 
having an electron emission portion comprised 
of a Schottky barrier junction between a metal 
material or metallic compound material and a 
semiconductor for emitting electrons from a 
solid surface thereof, characterized In that said 
electron emission portion comprising: 

a first p-type semiconductor region bring- 
ing about the avalanche breakdown by forming 
said Schottky barrier junction; 

a second p-type semiconductor region, lo- 
cated in contact with said first p-type semicon- 
ductor region, for supplying carriers to said 
first p-type semiconductor region; and 

an n-type semiconductor region, located 
around said first p-type semiconductor region, 
for forming a pn junction with said first p-type 
semiconductor region, as well as forming said 
Schottky barrier junction with said metal ma- 
terial or metallic compound material; 

wherein the density relation between car- 
rier densities of said first and second p-type 
semiconductor regions and said n-type semi- 
conductor region is such that 
(second p-type semiconductor region) t (first 
p-type semiconductor region) > (n-type semi- 
conductor region). 

51. The semiconductor electron emission device 
according to claim 50, characterized In that an 
electrode for defining the flying direction of 
electron emitting from said electron emission 
portion is provided In the vicinity of a device 
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surface. 



54. The semiconductor electron emission device 
according to claim 50, characterized in that 
said electron emission portion is formed on a 
semiconductor substrate. 

55. The semiconducotr electron emission device 
according to claim 50, characterized in that a 
plurality of electron emission portions are pro- 
vided on the same substrate. 



57. The semiconductor electron emission device 
according to claim 55, characterized in that a 
plurality of electron emission portions are elec- 
trically independent to emit electrons sepa- 
rately. 



a second p-type semiconductor region, lo- 
cated in contact with said first p-type semicon- 
ductor region, for supplying carriers to said 
first p-type semiconductor region; and 

a second n-type semiconductor region, lo- 
cated around said first p-type semiconductor 
region, for forming the pn junction with said 
first p-type semiconductor region; 

wherein the density relation between car- 
rier densities of said first and second p-type 
semiconductor regions and said first and sec- 
ond n-type semiconductor regions is such that 
(first n-type semiconductor region) > (first p- 
type semiconductor region) > (second p-type 
semiconductor region) > (second n-type semi- 
conductor region). 

60. The semiconductor electron emission device 
according to claim 59, characterized in that an 
20 electrode for defining the flying direction of 

electron emitted from said electron emission 
portion is provided in the vicinity of a solid 
surface. 

25 61. The semiconductor electron emission device 
according to claim 59, characterized in that an 
electrode for defining the kinetic energy of 
electron emitted from said electron emission 
portion is provided in the vicinity of a solid 
surface. 

62. The semiconductor electron emission device 
according to claim 59, characterized in that on 
a surface of the first n-type semiconductor 
35 region in said electron emission portion, a ma- 

terial having a different work function is depos- 
ited. 



52, The semiconductor electron emission device 
according to claim 50, characterized in that an 
electrode for defining the kinetic energy of 5 
electron emitted from said electron emission 
portion is provided in the vicinity of a device 
surface. 

53. The semiconductor electron emission device io 
according to claim 50, characterized in that on 
a surface of metal material or metallic com- 
pound material forming the Schottky barrier 
junction in said electron emission portion, a 
material having a different work function from 75 
said metal material or metallic compound ma- 
terial is deposited. 



56. The semiconductor electron emission device 

according to claim 55, characterized in that 30 
said substrate is a semiconductor substrate. 



58. The semiconductor electron emission device 
according to claim 50, characterized in that 
said first and second p-type semiconductor 
regions and said n-type semiconductor region 
in said electron emission portion are formed 
with the ion injection method. 

59. A semiconductor electron emission device, 
having an electron emission portion comprised 
of a pn junction between an n-type semicon- 
ductor and a p-type semiconductor for emitting 
electrons from a solid surface thereof, char- 
acterized in that said electron emission portion 
comprising: 

a first n-type semiconductor region located 
on said solid surface; 

a first p-type semiconductor region bring- 
ing about the avalanche breakdown by forming 
said pn junction with said first n-type semicon- 
ductor region; 



63. The semiconductor electron emission device 
40 according to claim 59, characterized in that 

said electron emission portion is formed on a 
semiconductor substrate. 

64. The semiconductor electron emission device 
45 according to claim 59, characterized in that a 

plurality of electron emission portions are pro- 
vided on the same substrate. 

65. The semiconductor electron emission device 
60 according to claim 64, characterized in that 

said substrate is a semiconductor substrate. 

66. The semiconductor electron emission device 
according to claim 64, characterized in that a 

65 plurality of electron emission portions are elec- 

trically independent to emit electrons sepa- 
rately. 
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67. The semiconductor electron emission device 
according to claim 59, characterized in that 
said first and second p-type semiconductor 
regions and said first and second n-type semi- 
conductor regions are formed with the ion in- s 
jection method. 

68. A semiconductor electron emission device, 
having an electron emission portion comprised 

of a pn junction between an n-type semicon- io 
ductor and a p-type semiconductor for emitting 
electrons from a solid surface thereof, char- 
acterized in that said electron emission portion 
comprising: 

a first n-type semiconductor region located 76 
on said solid surface; 

a first p-type semiconductor region bring- 
ing about the avalanche breakdown by forming 
said pn junction with said first n-type semicon- 
ductor region; 20 

a second p-type semiconductor region, lo- 
cated in contact with said first p-type semicon- 
ductor region, for supplying carriers to said 
first p-type semiconductor region; and 

a second n-type semiconductor region, Io- 25 
cated around said first p-type semiconductor 
region, for forming the pn junction with said 
first p-type semiconductor region; 

wherein the density relation between car- 
rier densities of said first and second p-type 30 
semiconductor regions and said first and sec- 
ond n-type semiconductor regions is such that 
(first n-type semiconductor region) > (second 
p-type semiconductor region) ^ (first p-type 
semiconductor region) > (second n-type semi- 35 
conductor region). 

69. The semiconductor electron emission device 
according to claim 68, characterized in that an 
electrode for defining the flying direction of 40 
electron emitted from said electron emission 
portion is provided in the vicinity of a solid 
surface. 

70. The semiconductor electron emission device 45 
according to claim 68, characterized in that an 
electrode for defining the kinetic energy of 
electron emitted from said electron emission 
portion is provided in the vicinity of a solid 
surface. 50 

71. The semiconductor electron emission device 
according to claim 68, characterized in that on 
a surface of the first n-type semiconductor 
region in said electron emission portion, a ma- 55 
terial having a different work function is depos- 
ited. 



72. The semiconductor electron emission device 
according to claim 68, characterized in that 
said electron emission portion is formed on a 
semiconductor substrate. 

73. The semiconductor electron emission device 
according to claim 68, characterized in that a 
plurality of electron emission portions are pro- 
vided on the same substrate. 

74. The semiconductor electron emission device 
according to claim 73, characterized in that 
said sbustrate is a semiconductor substrate. 

75. The semiconductor electron emission device 
according to claim 73, characterized in that a 
plurality of electron emission portions are elec- 
trically independent to emit electrons sepa- 
rately. 

76. The semiconductor electron emission device 
according to claim 68, characterized in that 
said first and second p-type semiconductor 
regions and said first and second n-type semi- 
conductor regions are formed with the ion in- 
jection method. 

77. A semiconductor electron emission device, 
having a Schottky barrier junction on the sur- 
face of a p-type semiconductor which is a 
substrate, and a high density p-type semicon- 
ductor region bringing about the avalanche 
amplification within said p-type semiconductor 
under an electrode forming the Schottky bar- 
rier junction, characterized by comprising a 
region located in the vicinity of said high den- 
sity p-type semiconductor region, not in con- 
tact with said electrode for forming said Schot- 
tky barrier junction, and having a smaller re- 
sistivity than said p-type semiconductor. 

78. A semiconductor electron emission device, 
having a Schottky barrier junction on the sur- 
face of a p-type semiconductor which is a 
substrate, a high density p-type semiconductor 
region bringing about the avalanche amplifica- 
tion within said p-type semiconductor under an 
electrode forming the Schottky barrier junction, 
and an n-type semiconductor region formed 
around the high density p-type semiconductor 
region, characterized by comprising a region 
located in the vicinity of said high density p- 
type semiconductor region, not in contact with 
said electrode for forming said Schottky barrier 
junction and said n-type semiconductor regin, 
and having a smaller resistivity than said p- 
type semiconductor. 
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79. The semiconductor electron emission device 
according to claim 77, wherein it has a lami- 
nated structure in which a p-type semiconduc- 
tor forming the Schottky barrier junction is 
formed on a second p-type semiconductor 
having a smaller resistivity than said p-type 
semiconductor, characterized in that a region 
located in the vicinity of said high density p- 
type semiconductor region bringing about the 
avalanche amplification, not in contact with 
said electrode for forming said Schottky barrier 
junction and said n-type semiconductor region, 
and having a smaller resistivity than said p- 
type semiconductor forming said Schottky bar- 
rier junction, is formed at a position in contact 
with said second p-type semiconductor having 
the smaller resistivity within said p-type semi- 
conductor forming said Schottky barrier junc- 
tion. 

80. The semiconductor electron emission device 
according to claim 78, wherein it has a lami- 
nated structure in which a p-type semiconduc- 
tor forming the Schottky barrier junction is 
formed on a second p-type semiconductor 
having a smaller resistivity than said p-type 
semiconductor, characterized in that a region 
located in the vicinity of said high density p- 
type semiconductor region bringing about the 
avalanche amplification, not In contact with 
said electrode for forming said Schottky barrier 
junction and said n-type semiconductor region, 
and having a smaller resistivity than said p- 
type semiconductor forming said Schottky bar- 
rier junction, is formed at a position in contact 
with said second p-type semiconductor having 
the smaller resistivity within said p-type semi- 
conductor forming said Schottky barrier junc- 
tion. 

81. The semiconductor electron emission device 
according to claim 79, characterized in that a 
region located in the vicinity of said high den- 
sity p-type semiconductor region bringing 
about the avalanche amplification, not in con- 
tact with said electrode for forming said Schot- 
tky barrier junction, and having a smaller re- 
sistivity than said p-type semiconductor for- 
ming said Schottky barrier junction, is in con- 
tact with said p-type semiconductor layer hav- 
ing the smaller resistivity. 

82. The semiconductor electron emission device 
according to claim 79, characterized in that a 
region located in the vicinity of said high den- 
sity p-type semiconductor region bringing 
about the avalanche amplification, not in con- 
tact with said electrode for forming said Schot- 



04 603 A1 52 

tky barrier junction, and having a smaller re- 
sistivity than said p-type semiconductor for- 
ming said Schottky barrier junction, is formed 
with the ion junction method. 

6 

83. The semiconductor electron emission device 
according to claim 79, characterized in that a 
region located in the vicinity of said high den- 
sity p-type semiconductor region bringing 

10 about the avalanche amplification, not in con- 

tact with said electrode for forming said Schot- 
tky barrier junction, and having a smaller re- 
sistivity than said p-type semiconductor for- 
ming said Schottky barrier junction, is a p-type 

75 semiconductor. 

84. A semiconductor electron emission device, 
having a Schottky barrier junction on the sur- 
face of a p-type semiconductor which is a 

20 substrate, and a high density p-type semicon- 

ductor region bringing about the avalanche 
amplification within said p-type semiconductor 
under an electrode forming the Schottky bar- 
rier junction, characterized by comprising an 

25 electrode for applying the voltage to said 

Schottky barrier junction electrode on a sur- 
face of said high density p-type semiconductor 
region different from the surface on which said 
Schottky barrier function is formed. 

30 

85. A semiconductor electron emission device, 
having a Schottky barrier junction on the sur- 
face of a p-type semiconductor which is a 
substrate, a high density p-type semiconductor 

35 region bringing about the avalanche amplifica- 

tion within said p-type semiconductor under an 
electrode forming the Schottky barrier function, 
and an n-type semiconductor region formed 
around said high density p-type semiconductor 

40 region, characterized by comprising an elec- 

trode for applying the voltage to said Schottky 
barrier junction electrode on a surface of said 
high density p-type semiconductor region dif- 
ferent from the surface on which said Schottky 

45 barrier junction is formed. 

86. The semiconductor electron emission device 
according to claim 84, wherein it has a lami- 
nated structure in which a p-type semiconduc- 

50 tor forming the Schottky barrier junction is 

formed on a p-type semiconductor layer hav- 
ing a smaller resistivity than said p-type semi- 
conductor, characterized in that said high den- 
sity p-type semiconductor region bringing 

55 about the avalanche amplification is formed in 

contact with said p-type semiconductor layer 
having the smaller resistivity. 
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87. The semiconductor electron emission device 
according to claim 85, wherein it has a lami- 
nated structure in which a p-type semiconduc- 
tor forming the Schottky barrier junction is 
formed on a p-type semiconductor layer hav- 
ing a smaller resistivity than said p-type semi- 
conductor, characterized in that said high den- 
sity p-type semiconductor region bringing 
about the avalanche amplification is formed in 
contact with said p-type semiconductor layer 
having the smaller resistivity. 

88. A semiconductor electron emission device, 
having a pn junction on the surface of a p-type 
semiconductor which is a substrate, and a high 
density p-type semiconductor region bringing 
about the avalanche amplification within said p- 
type semiconductor under a thin n-type semi- 
conductor layer forming the pn junction, char- 
acterized by comprising an electrode for ap- 
plying the voltage to said pn junction electrode 
on a surface of said high density p-type semi- 
conductor region different from the surface on 
which said pn junction is formed. 

89. A semiconductor electron emission device, 
having a pn junction on the surface of a p-type 
semiconductor which Is a substrate, a high 
density p-type semiconductor region bringing 
about the avalanche amplification within said p- 
type semiconductor under a thin n-type semi- 
conductor layer forming the pn junction, and 
an n-type semiconductor region formed around 
said high density p-type semiconductor region, 
characterized by comrpising an electrode for 
applying the voltage to said pn junction elec- 
trode on a surface of said high density p-type 
semiconductor region different from the sur- 
face on which said pn junction is formed. 

90. The semiconductor electron emission device 
according to claim 88, wherein it has a lami- 
nated structure in which a p-type semiconduc- 
tor forming the pn junction Is formed on a p- 
type semiconductor layer having a smaller re- 
sistivity than said p-type semiconductor, char- 
acterized in that said high density p-type semi- 
conductor region bringing about the avalanche 
amplification is formed In contact with said p- 
type semiconductor layer having the smaller 
resistivity. 

91. The semiconductor electron emission device 
according to claim 89, wherein it has a lami- 
nated structure In which a p-type semiconduc- 
tor forming the pn junction is formed on a p- 
type semiconductor layer having a smaller re- 
sistivity than said p-type semiconductor, char- 



acterized in that said high density p-type semi- 
conductor region bringing about the avalanche 
amplification is formed in contact with said p- 
type semiconductor layer having the smaller 
5 resistivity. 

92. The semiconductor electron emission device 
acccording to claim 84, characterized in that 
said high density p-type semiconductor region 

10 bringing about the avalanche breakdown is 

formed with the ion injection method. 

93. The semiconductor electron emission device 
according to claim 85, characterized in that 

76 said high density p-type semiconductor region 

bringing about the avalanche breakdown is 
formed with the Ion Injection method. 

94. The semiconductor electron emission device 
20 according to claim 88, characterized in that 

said high density p-type semiconductor region 
bringing about the avalanche breakdown is 
formed with the Ion injection method. 

25 95. The semiconductor electron emission device 
according to claim 89, characterized in that 
said high density p-type semiconductor region 
bringing about the avalanche breakdown Is 
formed with the Ion injection method. 
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